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Abstract 
 
The host-plant acceptance behaviour of aphids was examined, in two aphid species, the 
bird cherry-oat aphid, Rhopalosiphum padi and the pea aphid, Acyrthosiphum pisum, to 
elucidate the recognition factors used to assess plant suitability for parthenogenetic 
reproduction. In addition, host-plant chemistry was investigated to study possible cues 
that initiated reproduction. The probing and parturition behaviour of R. padi on barley, 
Hordeum vulgare, or bird cherry leaves, Prunus padus, were monitored by electrical 
penetration graph (EPG) coupled with a simultaneous video recording. The autumn 
winged gynoparae and the summer winged virginoparae initiated reproduction on their 
host plants, P. padus and H. vulgare, respectively, before phloem contact occurred and 
these findings suggest that phloem contact is not necessary for host-acceptance 
decisions. Host acceptance behaviour of A. pisum, on susceptible and phloem-based 
resistant line of Medicago truncatula was monitored and found to be similar on both 
plant lines. The phloem-based resistance mechanism did not affect parturition behaviour 
indicating that reproduction is initiated prior to phloem contact. The results also imply 
that sign chemicals used as host recognition cues located in a peripheral tissue rather 
than in the phloem of host plants. Bioassays were employed to characterise the sign 
chemicals within host-plants of R. padi. It was found that virginoparae reproduced 
similarly on a neutral medium such as water or holidic diet as well as host-plant 
aqueous extract, which suggests that particular stimulants may be not involved in host-
plant recognition by this generalist morph. On the other hand, aqueous extracts of bird 
cherry leaves specifically stimulated parturition in autumn gynoparae. Bioassay-guided 
chemical fractionation showed that at least five secondary metabolites appear to be 
involved in host recognition by gynoparae.  
 3 
Declaration 
 
 
 
The work presented in this thesis is entirely my own, except for the following. It has not 
been submitted for any other academic qualification and any collaborative work has 
been specifically acknowledged.  
 
 
Chapter 7: ESI-Mass spectrometry and NMR analysis were carried out by Dr. Tony 
Hooper at Rothamsted Research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Signed:  KI JUNG NAM                          Date: 22-12-2010 
 4 
Acknowledgements 
 
I would like to express my gratitude to Professor Jim Hardie for his guidance 
throughout my PhD studies. Also, I am indebted to Dr. Tony Hooper at Rothamsted 
Research for his guidance during chemical analyses. Special thanks to Dr. Simon 
Leather and Professor Donald Quick for valuable advices.   
 
Thanks to all my friends in Silwood and at Sunningdale Baptist Church. You became 
part of my life.  
 
I dedicate this thesis to my father and mother.  
 
I dedicate myself to Yumi and Zung Hyun for my life.  
 
The Korean Government financially supported my PhD studies.  
 
 
 
 5 
Contents 
 
Abstract ........................................................................................................2 
Declaration...................................................................................................3 
Acknowledgements......................................................................................4 
Contents........................................................................................................5 
List of figures ...............................................................................................9 
List of tables ...............................................................................................13 
Chapter 1 General Introduction..............................................................14 
The range of host-plant use: host-plant specialisation .......................................14 
Mechanism of host-plant selection by phytophagous insects ..............................17 
Host finding and host recognition: chemical aspects............................................ 17 
Chemosensory aspect of host-plant selection process .......................................... 20 
Aphid-biology and ecology ..........................................................................21 
Host-selection processes by winged aphids .....................................................23 
Host location................................................................................................ 23 
Host recognition and acceptance – after contact with plants.................................. 26 
Host-plant selection by aphids in the ecological context....................................29 
Phenotypic variation in host-plant selection and genetic differentiation of populations 
within species............................................................................................... 29 
Environmental factors affecting host-plant selection behaviour of insects ............... 30 
The aims of this study..................................................................................33 
Chapter 2 General Materials and Methods.....................................34 
Insects.......................................................................................................34 
Rhopalosiphum padi culturing......................................................................... 34 
Acyrthosiphon pisum culturing ........................................................................ 35 
Electrical penetration graph (EPG) ................................................................36 
Basic principles ............................................................................................ 36 
Experimental procedures ................................................................................ 41 
Simultaneous EPG-video monitoring................................................................ 41 
Chapter 3 Preliminary experiments...............................................43 
Introduction ...............................................................................................43 
Materials and Methods.................................................................................45 
Insects and plants.......................................................................................... 45 
Parturition of tethered and un-tethered Rhopalosiphum padi on their host plants ...... 46 
Parturition and probing behavior (prior to first parturition) of gynoparae of 
 6 
Rhopalosiphum padi on detached leaves or leaves on intact seedlings of bird cherry
............................................................................................................... …46 
Data analysis ..............................................................................................47 
Results ......................................................................................................47 
Parturition of tethered and un-tethered Rhopalosiphum padi on their host plants ...... 47 
Parturition and probing behavior (prior to first parturition) of gynoparae of 
Rhopalosiphum padi on detached leaves or leaves on intact seedlings of bird cherry
............................................................................................................... …48 
Discussion .................................................................................................54 
Chapter 4 The probing and larviposition behaviour of Rhopalosiphum 
padi ...........................................................................................57 
Introduction ...............................................................................................57 
Materials and Methods.................................................................................59 
Plants.......................................................................................................... 59 
Aphids ........................................................................................................ 59 
Determination of pre-reproductive periods ........................................................ 59 
Electrical penetration graph (EPG)................................................................... 60 
Simultaneous EPG-video monitoring................................................................ 60 
Data analysis ..............................................................................................60 
Results ......................................................................................................61 
Determination of pre-reproductive periods ........................................................ 61 
The probing behaviour of Rhopalosiphum padi on host and non-host plants ............ 61 
Gynoparae on barley vs on bird cherry ........................................................ 61 
Winged virginoparae on barley vs on bird cherry........................................... 64 
Wingless virginoparae on barley vs on bird cherry......................................... 64 
Paturition behaviour of Rhopalosiphum padi ..................................................... 65 
Gynoparae on bird cherry.......................................................................... 65 
Winged virginoparae on barley .................................................................. 65 
Wingless virginoparae on barley................................................................. 69  
Discussion .................................................................................................70 
Probing behaviour of Rhopalosiphum padi ........................................................ 70 
Larviposition behaviour of Rhopalosiphum padi ................................................ 71 
Chapter 5 Larviposition of Acythosiphon pisum on two near-isogenic 
lines of Medicago truncatula..........................................................73 
Introduction ...............................................................................................73 
Materials and Methods.................................................................................75 
Insects ........................................................................................................ 75 
Plants.......................................................................................................... 75 
 7 
Determination of pre-reproductive period of aphids after final moult ..................... 76 
Host-plant acceptance of the clone PS01 and N116 on Q174_5.13 and Q174_9.10, 
barley and tic bean ........................................................................................ 76 
Electrical Penetration graph (EPG) coupled with simultaneous behavioural monitoring
.................................................................................................................. 76 
Data analysis ..............................................................................................77 
Results ......................................................................................................77 
Determination of pre-reproductive period of aphids after final moult ..................... 77 
Host-plant acceptance of the clone PS01 and N116 on Q174_5.13 and Q174_9.10, 
barley and tic bean ........................................................................................ 78 
Parturition and probing behaviour of the clone PS01 and N116 on Q174_5.13 and 
Q174_9.10................................................................................................... 79 
Discussion .................................................................................................87 
Chapter 6 Chemical ecology of host acceptance of Rhopalosiphum padi
.................................................................................................90 
Introduction ...............................................................................................90 
Materials and Methods.................................................................................92 
Insects and plants.......................................................................................... 92 
Plant leaves and seedlings .............................................................................. 92 
Host acceptance of Rhopalosiphum padi on leaves of bird cherry, and barly, and bean 
seedlings ..................................................................................................... 93 
Preparation of plant leaf extracts or extract of bean seedlings ............................... 93 
Host acceptance of Rhopalosiphum padi on plant leaf extracts.............................. 93 
Host acceptance of gynoparae of Rhopalosiphum padi on bird cherry extracts collected 
monthly and on extracts of various Prunus species ............................................. 94 
Survival of nymphs of gynoparae and winged virginoparae of Rhopalosiphum padi on 
artificial feeding chambers containing bird cherry or barley leaf discs / aqueous 
extracts, and on bean seedlings........................................................................ 95 
Data analysis ..............................................................................................95 
Results ......................................................................................................96 
Host acceptance of Rhopalosiphum padi on leaves of bird cherry, and barly, and bean 
seedlings ..................................................................................................... 96 
Host acceptance of Rhopalosiphum padi on plant leaf extracts.............................. 96 
Host acceptance of gynoparae of Rhopalosiphum padi on bird cherry extracts collected 
monthly and on extracts of various Prunus species ............................................100 
Survival of nymphs of gynoparae and winged virginoparae of Rhopalosiphum padi on 
artificial feeding chambers containing bird cherry or barley leaf discs / aqueous 
extracts, and on bean seedlings.......................................................................101 
 8 
Discussion ...............................................................................................106 
Chapter 7 Bioassay-guided fractionation of bird cherry extract: 
characterisation of parturition stimulants of gynoparae of 
Rhopalosiphum padi...................................................................110 
Introduction .............................................................................................110 
Materials and Methods............................................................................... 111 
Insects .......................................................................................................111 
Preparation of freeze-dried extracts .................................................................111 
Fractionation of freeze-dried extract of bird cherry leaves ...................................111 
Bioassay.....................................................................................................112 
Data analysis ............................................................................................112 
Results ....................................................................................................112 
Bioassay with freeze-dried extracts of bird cherry leaves ................................... 112 
Bioassay-guided fractionation ........................................................................113 
Discussion ...............................................................................................129 
Chapter 8 General Discussion.....................................................132 
References................................................................................137 
 9 
List of figures 
 
Fig. 1.1 The host-alternating lifecycle of Rhopalosiphum padi ..................................... 22 
Fig. 2.1 A circuit for EPG recording............................................................................... 37 
Fig. 2.2 Electrical penetration graph (EPG) of aphid feeding behaviour ....................... 39 
Fig. 2.3 Waveforms used in EPG interpretation ............................................................. 40 
Fig. 2.4 Electrical penetration graph system and simultaneous EPG-video recording
.................................................................................................................................... …42 
Fig. 3.1 Time (mean±s.e.) taken by tethered or un-tethered Rhopalosiphum padi to first 
parturition from being placed on the plants.................................................................... 48 
Fig. 3.2 Time (mean±s.e.) taken by Rhopalosiphum padi gynoparae to first parturition 
and first phloem contact (recognised by EPG pattern E1) on detached leaves or leaves 
on intact seedlings of Prunus padus. .............................................................................. 49 
Fig. 3.3 The number of nymphs produced (mean±s.e.) by Rhopalosiphum padi 
gynoparae over 6-h and 18-h periods on detached leaves or leaves on intact seedlings of 
Prunus padus. ................................................................................................................. 49 
Fig. 3.4 Time (mean±s.e.) spent by Rhopalosiphum padi gynoparae in various probing 
activities on detached leaves or leaves of intact Prunus padus seedlings a) before first 
parturition an b) over a 6-h period.................................................................................. 51 
Fig. 3.5 Percentage of aphids showing phloem salivation (recognised by E1) and 
ingestion up to first parturition and over 6 h (recognised by E2)................................... 52 
Fig. 3.6 Time (mean±s.e.) spent by gynoparae of Rhopalosiphum padi on phloem 
salivation (recognised by E1) and ingestion (recognised by E2) over 6 h. .................... 53 
Fig. 4.1 Percentage of aphids which a) left the plant and b) larviposited after final moult
........................................................................................................................................ 62 
 10 
Fig. 4.2 Time (mean±s.e.) taken by Rhopalosiphum padi from placement on the host 
plant to various events .................................................................................................... 66 
Fig. 4.3 Electrical penetration graph waveform shown when first parturition occurred..
........................................................................................................................................ 67 
Fig. 5.1 Time (h±s.e.) taken for aphids to initiate reproduction on tic bean from final 
moult............................................................................................................................... 78 
Fig. 5.2 Percentage of aphids which rejected plants over the experimental period (96-h).
........................................................................................................................................ 80 
Fig. 5.3 Percent survival of aphids over the experimental period (96-h). ...................... 81 
Fig. 5.4 Cumulative number of nymphs produced on plants over the experimental 
period (96-h) ................................................................................................................... 82 
Fig. 5.5 Percent survival of nymphs of the clone PS01 on two near-isogenic lines of 
Medicago truncatula. ..................................................................................................... 82 
Fig. 5.6 Time (min±s.e.) taken for the clone PS01 and N116 to first parturition from 
being placed on either Q174_5.13 or Q174_9.10........................................................... 83 
Fig. 5.7 Time (min±s.e.) spent by aphids in doing probing activities before first 
parturition. ...................................................................................................................... 86 
Fig. 6.1 The artificial feeding chamber for the bioassay of the extracts ........................ 94 
Fig. 6.2 Offspring produced by a) gynoparae and b) winged virginoparae adults on 
barley or bird cherry leaves, bean seedlings over 72 h................................................... 97 
Fig. 6.3 Percent survival of a) gynoparae and b) winged virginoparae adults on bean 
seedlings, barley or bird cheery leaves after 72 h........................................................... 98 
Fig. 6.4 Offspring produced by aphids on various extracts over 72 h............................ 99 
Fig. 6.5 Offspring produced by gynoparae on extracts of bird cherry collected monthly 
from April to September over 72 h............................................................................... 100 
 11 
Fig. 6.6 Offspring produced by gynoparae on extracts of various species over 72 h.
.................................................................................................................................. …101 
Fig. 6.7 Percent survival of nymphs of gynoparae on a) leaves or seedlings and b) 
extracts of bird cherry, barley and bean for 96 h experimental period. ........................ 102 
Fig. 6.8 Percent survival of nymphs of winged virginoparae on a) leaves or seedlings 
and b) extracts of bird cherry, barley and bean for 96 h experimental period.............. 104 
Fig. 6.9 Percent survival of nymphs of a) gynoparae and b) winged virginoparae on 
plant extract, artificial diet and mixture of plant extract and artificial diet. ................. 105 
Fig. 7.1 Offspring deposited by gynoparae of Rhopalosiphum padi during 72 h access to 
aqueous or freeze-dried extract of bird cherry leaves in artificial feeding chambers....114 
Fig. 7.2 Offspring deposited by gynoparae of Rhopalosiphum padi during 72 h access to 
diluted aqueous extracts of bird cherry leaves in artificial feeding chambers...............115 
Fig. 7.3 High-performance liquid chromatography (HPLC) chromatograms of bird 
cherry leaf extract ..........................................................................................................116 
Fig. 7.4 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
access to fractions of bird cherry leaf extract in artificial feeding chambers. ...............117 
Fig. 7.5 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
access to fractions of aqueous extract of bird cherry leaves in artificial feeding chambers
.......................................................................................................................................118 
Fig. 7.6 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
access to fractions of aqueous extract of bird cherry leaves in artificial feeding chambers.
...................................................................................................................................... 120 
Fig. 7.7 The Structure of chlorogenic acid, 3-(3,4-Dihydroxycinnamoyl) quinic 
acid………………………………………………………………………………….. . 121 
Fig. 7.8 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
 12 
access to “chlorogenic acid-added” fractions of aqueous extract of bird cherry leaves in 
artificial feeding chambers. .......................................................................................... 122 
Fig. 7.9 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
access to fractions of bird cherry extract (1st bioassay) in artificial feeding chambers..
...................................................................................................................................... 123 
Fig. 7.10 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
access to fractions of bird cherry extract (2nd bioassay) in artificial feeding chambers.
...................................................................................................................................... 124 
Fig. 7.11 Offspring deposited by gynoparae of Rhopalosiphum padi during 48 or 96 h 
access to fractions of bird cherry extract in artificial feeding chambers ...................... 126 
Fig. 7.12 Chromatograms of fractions 2.1.1................................................................. 127 
Fig. 7.13 Chromatograms of fractions 2.1.3................................................................. 128 
 13 
List of tables 
 
Table 4.1 The probing behaviour of Rhopalosiphum padi on the leaves of barley and 
bird cherry over 8 h. ....................................................................................................... 63 
Table 4.2 The EPG waveforms displayed by Rhopalosiphum padi individuals before 
first parturition................................................................................................................ 68 
Table 4.3 The probing behaviour of Rhopalosiphum padi before first parturition......... 69 
Table 5.1 The EPG waveforms displayed by individuals of the clone PS01 before first 
parturition ....................................................................................................................... 84 
Table 5.2 The EPG waveforms displayed by individuals of the clone N116 before first 
parturition ....................................................................................................................... 85 
 
 14 
Chapter 1  
 
General Introduction 
 
The range of host-plant use: host-plant specialization    
 
Host-plant selection has been arguably one of the main research themes of insect-plant 
biology for several decades, especially with a great attention paid in agricultural 
entomology from applied point of view. One of distinct features of insect-plant 
relationships is the high degree of food-plant specialisation among herbivorous insects 
(Schoonhoven et al., 2005). Most phytophagous insects feed on only one or a few 
genera, or on plants in a single family or subfamily. It has been estimated that less than 
10% of phytophagous insects seem to feed on plants in more than three different 
families (Chapman, 1982; Price, 1983; Bernays, 1988; Bernays and Graham, 1988). 
More than 50% of the world’s aphids are specific to plants in one genus (Eastop, 1973), 
and 81.3% of British arthropod fauna are specific to only one family of plants if 
Poaceae and Cyperaeae are combined (Chapman, 1982).  
 
The ecological and evolutionary reasons behind this narrow host-plant use by 
phytophagous insects have been a subject of considerable debate and speculation for 
half century (Fry, J.D., 1996). Some researchers such as Ehrlich and Raven (1964), 
Feeny (1976), Cates (1980), have emphasised chemical co-evolutionary processes 
between plants and insects in which plant chemistry drives the evolution of 
specialisation of phytophagous insects by improving the efficiency of coping with toxic 
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phytochemicals characteristic of the host-plant taxa. Plants produce a variety of 
defensive chemicals to protect themselves against insect attack, and insects develop 
ways to overcome those chemical barriers in order to utilise plants as a nutrient resource. 
These “arms races” between plants and insects were thought to play an important role in 
generating the diversity of both plant secondary compounds that plants produce, and 
insect species that deal with those secondary compounds. As it is not likely that insects 
can adapt to all kinds of defensive chemicals, the range of plants that insects can utilise 
may be restricted, and distribution of insects may be closely associated with within-
plant distribution of defensive chemicals. (Feeny, 1976; Rhoades and Cates, 1976; 
Bernays and Graham, 1988).     
 
The co-evolution theory, however, has been criticised by many others. It was argued that 
host-plant use by insects is ecologically and evolutionarily labile as many polyphagous 
insects have a local variation in their diet choice resulting from an adaptation to variable 
local vegetation, and host-plant switches/shifts were also observed on many occasions 
(Bernays, 1988). Moreover, it was increasingly known that plant secondary compounds 
which act as a feeding deterrent were in many cases harmless to insects (Bernays and 
Graham, 1988; Bernays, 1990) and habituation is also common (Szentesi and Bernays, 
1984; Huang and Renwick, 1996; Chow et al., 2005). Also, in many insect groups such 
as Hemiptera, Coleoptera, closely related insect species are shown to utilise 
phylogenetically unrelated, so chemically dissimilar, plants (Jermy, 1984).     
 
As the importance of plant chemistry in determining the pattern of host-plant use has 
been questioned, several ecological factors such as microclimate, biotic interactions 
(predation or parastisation by natural enemy), non-chemical plant attributes (texture, 
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phenology, abundance) have been proposed as an alternative to plant chemistry, and 
ecological circumstances have been considered more important than chemically based 
resistant factors (Zangerl and Berenbaum, 1993; Kuussaari et al., 2000). Especially 
from a tri-trophic point of view, natural enemies and, particularly generalist predators, 
have gained special attention as a possible selection pressure restricting the range of 
actual food plants within subsets of potential host plants. The “enemy free space” was 
used as a conceptual space which is a subset within host-plant population, or alternative 
sup-optimal hosts or even new hosts, and it has been argued that a disadvantage of 
occupying enemy free space (in most cases sub-optimal hosts so decreased food quality 
as a nutrient resource) can be compensated by a benefit of increased survival due to the 
escape from the natural enemies (Bernays and Graham, 1988, but see Jermy (1988)).  
 
Neural limitation theory explains narrow host-plant use by insects in a rather different 
way. The theory states that the limited capability of insects’ neural systems on 
processing sensory information makes the decision-making of generalists inefficient in 
multiple choice situations and vulnerable to the attack by natural enemies, acting as a 
selection pressure favouring reduced diet breath (Bernays, 1998, 2001). However, 
generalists are also considered to have advantages such as greater resource availability 
and improved nutrient balance and a dilution of possible harmful effects of 
phytochemicals through diet mixing or shift (Bernays and Minkenberg, 1997; Berner et 
al. 2005; Mody et al., 2007), so there may be a trade-off between being generalists and 
specialists (Wilson and Yoshimura, 1994; Egas et al., 2004).                                      
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Mechanism of host-plant selection by phytophagous insects 
 
Host finding and host recognition: chemical aspects  
 
Two seemingly inter-exclusive hypotheses have been proposed to explain host selection 
processes by insects. One is that insects are guided (so choose) from a distance by 
chemical signals originating from host plants, and the other is that host finding is 
random event depending on the abundance of host and non-host plants, and host 
selection occurs by staying or leaving the plants (Thorteinson, 1960; Kennedy, 1965). 
The latter implied that host recognition requires contact with plants and gustatory 
exploration as well as olfactory guidance. The two hypotheses are now considered the 
extremes in a continuum of host-selection process in which olfactory and gustatory cues, 
along with physical information such as plant colour, shape, and texture, are integrated 
and processed within insects’ central nervous system (Visser, 1986; Bruce et al., 2005). 
 
Orientation to chemical cues is common to many insects, and gradients of chemicals 
emanating from plants may be detected and responded to by insects, at least over short 
distances (Schoonhoven et al., 2005). Two hypotheses have been proposed on the nature 
of plant odour cues and the mechanism of insect host finding: first, insects rely on 
species-specific volatile(s) which is used as a sign stimulus for host-plant odour 
recognition. Second, the ratio of general plant volatiles determines an identity of host 
plants, and act as odour cue used by insects (Visser, 1984; Bruce et al., 2005). 
Behavioural responses to plant odours have been studied in many insects, and the 
results seem to support both hypotheses (Schoonhoven et al., 2005).     
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Host selection after contact with plants (the term “host recognition/acceptance” is often 
used in this case to distinguish it from host finding) is recognised by 
oviposition/larviposition, or sustained feeding. It has been generally agreed that 
chemical senses are pre-eminent at this stage, but there were considerable debates about 
the classes of chemical compounds eliciting or inhibiting host selection, with particular 
emphasis on either nutrients or plant secondary compounds as possible candidates 
(Thorsteinson, 1960; Kennedy, 1965; Fraenkel, 1969; Schoonhoven et al., 2005).  
 
Nutrients, in particular carbohydrates, are known as feeding stimulants for many 
herbivorous insects, and other primary metabolites such as sugar alcohol, phospholipids 
and minerals also have been reported to affect host-plant acceptance (Bernay and 
Simpson, 1982). There are also cases where sugars promote oviposition (Derridj et al., 
1996; Nadia and Derridj, 2002), and where some insects can be reared successfully for 
considerable periods on artificial diets which contain primary metabolites only, mainly 
sugars and amino acids, without any plant secondary compounds (Auclair, 1969). 
However, the distribution of primary metabolites is universal and their concentrations 
vary greatly with position on plants, plant developmental stage, physiological condition, 
and environmental factors, so it is generally believed that primary metabolites alone are 
not likely to play a major role in host-plant selection by phytophagous insects (Fraenkel, 
1969; Schoonhoven et al., 2005).      
 
On the other hand, the concept that plant secondary compounds play a vital role in 
insect host selection has obtained broad support from most chemical ecologists 
(Berenbaum, 1995), mainly due to a vast diversity and uneven distribution within plant 
species and the correlation of some compounds with a specific plant taxon (Fraenkel, 
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1958). As a rule, a single structural group of secondary compounds dominate within a 
given taxon, with a few major components accompanied by several derivatives and 
minor components (Wink, 2003). As to how plant secondary compounds are involved in 
host selection, it has been proposed that secondary compounds specific to the plant 
taxon serve as a defensive barrier against most non-adapted phytophagous insects. 
However, some adapted insects utilise those chemicals as a recognition cue, and host 
specificity depends solely on absence or presence of those stimuli (Fraenkel, 1958). On 
the other hand, Jermy (1966) has proposed that host specialisation is connected with 
greater sensitivity of the chemoreceptors to feeding inhibitors, and insect host selection 
mainly occurs through an avoidance of deterrents (or inhibitors) on non-hosts rather 
than detection of stimuli on hosts.   
 
Over the decades, plenty of empirical evidence supporting both views has been 
accumulated along with technical advances of chemical analysis of plant secondary 
compounds, and stimulants and deterrents have been characterised in many insect-plant 
combinations (Schoonhoven et al., 2005). In the case of stimulants, complexity varies: 
on some occasions, one or a few chemicals can elicit similar stimulatory responses as 
the whole plant leaf or leaf extract does (Renwick et al., 1991; Nakayama et al., 2003; 
Haribal and Feeny; 2003). There are more complex situations where a mixture of 
compounds specific to the host-plant taxon is required to invoke stimulation (Honda, 
1990, 1995; Nishida, 2004). As for deterrents, much work has been done to use plant 
secondary compounds as a potential pesticide, but relatively few cases have been 
reported where rejection acts as a host selection mechanism (Schoonhoven et al., 2005). 
However, several principles are known: Non hosts commonly contain deterrents, and 
monophagous and oligophagous insects are more sensitive to those deterrents than 
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polyphagous insects (Jermy, 1966). There are some cases where acceptable plants are 
rejected as a host because deterrents within the plants override stimulants, while some 
plants contain deterrents as well as stimulants but are acceptable due to neutralisation of 
deterrents by stimulants (Chew and Renwick, 1995; Shinoda et al., 2002). It has been 
proposed that the balance between stimulants and deterrents within the plants 
determines the outcomes of decision making process of host selection: acceptance or 
rejection of the plants as a host by insects (Dethier, 1982; Chew and Renwick, 1995; 
Haribal and Feeny, 2003; Tadayuki et al., 2003). It has also been argued that the 
concentration of stimulants and deterrents within plants can change with environmental 
factors and the subtle change of the balance may alter the acceptability of plants by 
insects (Hugentobler and Renwick, 1995). 
 
Chemosensory aspect of host-plant selection process 
 
Jermy (1984) argued that host-plant selection by insects is a behavioural process which 
is mainly governed by the insect chemosensory system, and that plant secondary 
metabolites represent a biochemical profile which serves as a “fingerprint” for insects to 
use in host-plant recognition.  
 
The insect chemosensory system consists of chemosensory receptors located in the 
preoral cavity and on mouthparts, tarsi, ovipositor and antennae. Plant-originating 
stimuli detected by the receptors are transduced into electrical signals which in turn are 
transferred into the central nervous system where integration of signals takes place. 
Stimulus and deterrent receptors, and sugar and amino acid receptors have been found, 
and characterised in some cases (Schoonhoven et al., 2005). It has been hypothesised 
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that stimulants and deterrents are detected by separate chemoreceptor neurones, and the 
information is transmitted separately into the brain where all the inputs are integrated 
(Chapman, 2003). However, peripheral interactions have been found for instance, in the 
case of anthocyanin which excites deterrent cells in galeal taste hair of Pieris brassicae 
larvae, but also inhibits the sucrose-sensitive cells (Van loon, 1990).   
 
Aphid- biology and ecology  
 
Aphids (Hemiptera: Sternorryncha: Aphidoidea) are mostly phloem feeders, and include 
major vectors of plant viruses, which make them important pests of agricultural and 
horticultural crops worldwide (Petterson et al., 2007). The biology of aphids is 
characterised by complex life cycles. Cyclic parthenogenesis: occurs in spring and 
summer, only females exist and reproduce asexually without mating, but in autumn both 
males and sexual females are produced, and mated females lay eggs which overwinter; 
Telescoping of generations: ovarian development in parthenogenetic forms is 
accompanied with embryo formation inside embryonic mothers; and Polyphenism: 
wingless and winged morph are induced in response to environmental conditions 
(Dixon, 1977). This unique biology is considered to provide aphids with a fitness 
advantage by increasing population growth rate and efficiency of resource exploitation, 
and allowing migration to fresh resources (Dixon, 1987; Müller et al., 2001).  
 
Host alternation is another characteristic of life cycles of some aphids (Fig. 1.1). Ten 
percent of aphid species alternate seasonally between different species of plants (which 
are often taxonomically unrelated), spending autumn, winter, and spring on the primary  
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host plants which are woody, and switching to the secondary host plants which are 
herbaceous during spring and summer (Dixon, 1977; Powell and Hardie, 2001). 
Physiological induction of seasonal migrants is under the control of environmental 
 
 
 
 
 
 
 
Fig. 1.1 The host-alternating lifecycle of Rhopalosiphum padi: bird cherry, Prunus padus and 
grasses are host plants for aphids during the periods (4 seasons). asexually (parthengenesis). In 
the autumn, autumn migrants, called as gynoparae, are produced, and move to settle and 
reproduce on bird cherry (which is called as a primary host). On bird cherry plants, nymphs of 
gynoparae, called as oviparae, grow and mate with males which were produced on secondary 
hosts just after gynoparae had been produced. Mated oviparae lay eggs on buds on branches of 
bird cherry, and eggs overwinter until next spring. Fundatrix is the first generation after eggs 
hatch in spring, feed on bird cherry and produce fundatrigenae which produce spring migrants.   
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conditions such as day length and temperature (Dixon, 1977), and induced migrants 
have the different host-plant preferences, and the shift in host-plant preference involves 
the dramatic change in the behaviour of induced individual insects (Powell and Hardie, 
2001). 
 
Host-selection process by winged aphids   
 
Host location 
 
The process of host finding is challenging for winged aphids. First, they must locate and 
recognise suitable host plants among a wide range of non-host plant vegetation (Dixon, 
1977). Second, they are vulnerable to desiccation and cannot survive for long periods 
without plant access (Dixon, 1977). Also, they can control their flight only in low wind 
speeds (Powell et al., 2006). All of these limitations can cause high mortality of aphids 
during the host selection. For instance, it has been assessed that only 0.6 % of autumn 
migrants of the bird cherry-oat aphid, Rhopalosiphum padi, can find hosts successfully 
(Ward et al., 1998).  
 
Host-plant selection by aphids involves a sequence of behavioural steps, recognised as 
several successive events, that occurs in response to physical and chemical plant 
properties (Powell and Hardie, 2001). Visual and chemical signals are utilised for aphids 
to orientate to, find, and land on possible host plants. The phototactic response to plant-
reflected wavelengths has been reported in several laboratory studies with wind-tunnels 
(Hardie, 1989; Nottingham et al., 1991), and it is known that some aphids preferentially 
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land on yellow coloured surfaces (Kennedy et al., 1961; Prokopy and Owens, 1983; 
Döring et al., 2008), and there are some recent arguments that aphids may avoid red 
coloured plant leaves in autumn (Archetti and Brown, 2004; but see White (2009)). 
However, overall, the landing responses guided by visual signals are not host-plant 
specific. For instance, the cabbage aphid, Brevicoryne brassicae, alighted in the field 
more on sugar beet leaves than cabbage leaves even though sugar beet is not one of host 
plants (Kennedy et al., 1961). The reason for it was attributed to higher ‘long/short-
wave ratio’ (which means more yellowish) of sugar beet leaves than cabbage leaves 
(Kennedy et al., 1961). The mealy plum aphid, Hyalopterus pruni, is rather exceptional 
example. It uses visual signals to distinguish host plants from other non-hosts. Spring 
migrants of that aphid species alight twice as often on reed plants, Phragmites (summer 
host) as other adjacent non-host beet plants, and in this case, a lower degree of 
saturation of yellow reflectance of Phragmites leaves compared to other plant leaves 
may be used for recognition of the plants (Moericke, 1969).   
 
Aphids possess olfactory organs on the antennae, through which they are able to detect 
and respond to host and non-host plant volatiles before plant contact (Pickett et al., 
1992; Park and Hardie, 2004). Plant volatiles can be classified into general and specific. 
General volatiles are produced by oxidation of leaf lipids (referred as green-leaf 
volatiles) and consist of mostly six-carbon saturated or mono-unsaturated alcohols and 
aldehydes (Hatanaka, 1993). They are ubiquitous among plants, but their composition 
(the relative amounts emitted) may be species specific and could be used for insects to 
discriminate between host plants and non-host plants. For instance, the Colorado potato 
beetle, Leptinotarsa decemlineata, has been reported to respond to a subtle change in a 
ratio of green leaf volatiles of the potato leaves (Visser and Ave, 1978). The receptors 
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for green leaf volatiles have been found on the antenna of some aphids, such as Aphis 
fabae (Park and Hardie, 2002, 2004), Myzus persicae, Brevicoryne brassicae, Megoura 
viciae (Visser et al., 1996), indicating that general volatiles may be involved in host- 
odour recognition by those aphid species. Specific volatiles vary quantitatively and 
qualitatively depending on the species or different cultivars within the same species 
(Storer et al., 1993). There are some cases where taxonomically specific volatile(s) is 
used in host-odour recognition. For instance, in laboratory olfactometer experiments, 
Brevicoryne brassicae, and the turnip aphid, Lipaphis erysimi were attracted by 
isothiocyanates which are catabolites of glucosinolates characteristic of Brassicaceae 
plants. Highly specific receptors for isothiocyanates were found in both aphids. 
Interestingly, Aphis fabae also possesses receptors for some isothiocyanates which is 
used as a repellent to this aphid species (Isaacs et al., 1993; Nottingham and Hardie, 
1993). 
 
The interactions between visual and olfactory signals occur under the field conditions 
and the importance of different types of stimulus changes with distance to the plant 
(Schoonhoven et al., 2005). For instance, in a study with the apple maggot fly, 
Rhagoletis pomolella, (Aluja and Prokopy, 1993), host-fruit odour enhanced the 
efficiency of host-finding process when the fruit is green and lack contrast with the 
leaves. The landing of the carrot-willow aphid, Cavariella aegopodii, on visual targets 
was enhanced by the presence of carvone (Chapman et al., 1981). Flight and landing 
responses of A. fabae to visual signals can be modified by non-host and host-plant 
odours (Nottingham and Hardie, 1993).       
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Host recognition and acceptance - after contact with plants    
 
After landing, aphids use a variety of surface cues which can be physical and chemical. 
Odours in the boundary layer close to the plant surface can be detected by the antennae, 
and gustatory cues also can be detected by contact chemosensory hairs on the antennal 
tips or probably on the tarsi with the substrate (Powell et al., 1995; Storer et al., 1996; 
Powell and Hardie, 2000; Pettersson et al., 2007). The properties of plant surface such 
as hairiness, substrate texture and glandular excudates, and epicuticular wax can 
influence aphids’ behaviour before stylet insertion. For instance, adhesive excudates 
from type B glandular trichomes of wild potato, Solanum neocardenasii, restricted 
movements of Myzus persicae, on the plant surface, and hindered initiation of probing 
(Lapointe and Tingey, 1986). Settling of the potato aphid, Macrosiphum euphorbiae, 
was deterred by glucose esters in excudates of type IV trichomes of wild tomato, 
Lycorpersicon penellii (Goffreda et al., 1989). The structure and chemical composition 
of epicuticular waxes vary among plant species, among genotypes within a species, 
among parts within plants, and these variations can play an important role on plant-
herbivore interactions (Eigenbrode and Espelie, 1995). For instance, the initiation of the 
first stylet penetration by A. fabae was delayed by epicuticular lipids of non-host plant 
(Powell et al., 1999), and a preference of the green spruce aphid, Elatobium abietinum, 
for young needles over mature needles was attributed to surface wax layer (Jackson and 
Dixon, 1996).    
 
A few brief stylet penetrations (<1 min) of the plant surface are initiated after plant 
contact as a reflex following tarsal contact with the substrate (Powell et al., 1999; 
Powell and Hardie, 2000) during which, plant sap in the epidermal cells may be 
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ingested and chemically assessed by a gustatory organ in the foregut (Wensler and 
Filshie, 1969). On a suitable host plant, brief stylet insertions may be followed by 
longer stylet penetrations which include penetrations into mesophyll and parenchyma 
tissues, and possibly leading to puncture a phloem sieve element. Penetration of a 
phloem sieve element is followed by watery saliva injection which may prevent 
defensive phloem sealing mechanisms and allow sustained phloem ingestion. Phloem 
contact for longer than 10 min is considered as a phloem acceptance, sustained phloem 
contact lasts often for several hours (Tjallingii, 1994).  
 
Host-plant acceptance by insects is recognised when either sustained feeding or 
oviposition/larviposition occurs (Schoonhoven et al., 2005). For aphids which are 
viviparous during the most of their life cycle, initiation of reproduction, deposition of 
living young by viviparous morphs, can be a clear indicator of host- plant acceptance 
(Powell et al., 2006). As host selection by aphids was thought to rely upon the detection 
of secondary plant compounds as well as primary metabolites associated with the 
physiological condition of the host plant, it has been assumed that aphid host acceptance 
occurs after phloem contact, in other words, aphid parturition starts after the puncture of 
a phloem sieve element and sustained phloem contact (Klingauf, 1987; Blackman, 
1990). However, recent several studies (Caillaud and Via, 2000; Powell and Hardie, 
2001; Tosh et al., 2002, 2003; Del Campo et al., 2003) on the reproduction of 
Acyrthosiphon pisum and A. fabae indicate that the chemical(s) which is used as a 
parturition stimulant by aphids may be detected in peripheral plant tissues before 
contact with the phloem, and lead to initiation of reproduction before sustained 
ingestion of phloem. It suggests that host acceptance by aphids may be independent of 
phloem feeding.  
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The roles of plant secondary compounds in host-plant selection by sap-feeding insects 
such as aphids have been relatively less studied, compared to the case of Lepidopteran 
larvae. It is mainly because their host-selection processes occur in a cellular level and 
chemical cues may be located at the level of individual plant cell types, but location and 
identification of particular chemical compounds in the specific cells and tissue are 
technically very difficult (Schoonhoven et al., 2005). Some examples are known. The 
plant alkaloid sparteine determines the distribution of Acyrthosiphon spartii on the 
broom, Sarothamnus scoparius (Smith, 1966). The dihydrochalcone which is one of 
flavonoids, phlorizin acts as a probing stimulant to Aphis pomi and Rhopalosiphum 
insertum (Klingauf, 1971), whereas it serves as a feeding deterrent to non apple feeder, 
Myzus persicae and Amphorophora agathonica (Montgomery and Arn, 1974). The 
glucosinolate sinigrin, characteristic of Brassicae plants, stimulate settling and feeding 
by Brevicoryne brassicae which specialises on those plants (Wensler, 1962; Nault, 
1972). Although the deterrent has not been identified, the phenolic fraction of wheat 
extract showed deterrency to Schizaphis graminum (Dreyer and Jones, 1981). Little is 
known of spatial distribution of secondary compounds within plant organs or tissues, 
particularly associated with insect host-plant selection. In a study with Brevicoryne 
brassicae on white mustard, Sinapis alba, the concentration of the dominant 
glucosinolate sinalbin was found to be greater in inflorescence stems than in leaf 
epidermal cells, and B. brassicae preferred to feed on the inflorescence stems than on 
leaves (Gabrys et al., 1997). Recent technical advances in an analysis of chemical 
compounds in a fine scale, such as mass spectrometric imaging, have begun to be 
applied to this research area. For instance, spatial distribution of several glucosinolates 
within leaves of Arabidopsis thaliana has been analysed by using mass-spectrometric 
imaging, and associated with herbivory by generalist lepidopteran larvae, Helicoverpa 
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armigera (the cotton bollworm). It was found that major glucosinolates such as 
glucobrassicin and glucoraphanin are more abundant in the midvein and periphery of 
leaf than the inner lamina, and larvae preferred to feed on the inner lamina than the 
midvein or periphery of leaf in a feeding preference assay (Shroff et al., 2008).    
 
Host-plant selection by aphids in the ecological context 
 
Phenotypic variation in host-plant selection and genetic differentiation 
of populations within species 
 
Host-plant ranges and preference ranking of acceptable host plants often appears to be 
variable within and among populations of insect species. Many cases are known where 
insect species occupying different parts in their distribution area show different host- 
plant ranges and preferences (Schoonhoven et al., 2005). For instance, the brown 
ambrosia aphid Uroleucon ambrosiae specialises on the giant ragweed in eastern United 
States, but feed on plants from four genera in the Asteraceae in south west of United 
States and in south America (Bernays and Funk, 1999, 2000).  
 
Differences in host-plant preference between populations within the same geographic 
region also exist. The clones of pea aphid, A. pisum collected in closely adjacent fields 
of alfalfa and red clover in USA showed clear preferences for the plants from which 
aphids were collected. It was also found that those differences in host preference were 
genetically based and a gene flow between populations having difference preferences 
(called “host races”) is low (Via, 1999). Similar results have been reported in a study 
with pea aphid clones collected from eight host plants in south-eastern England (Ferrari 
 30 
et al., 2006). Interestingly, all populations showed a second preference for broad bean, 
Vicia fabae, along with first preference for plants from which they are collected. 
Authors speculated that broad bean may serve as a bridge through which a gene flow 
between host races may occur (Ferrari et al., 2006). In both studies, a trade-off in the 
demographic performance on host plants has also been found. As aphids mate on their 
host plants, a difference in host-plant choice and trade-off in performance on host plants 
can lead to assortative mating (Via and Hawthorne, 2002). It was argued that 
reproductive isolation between host races of pea aphid caused by assortative mating on 
different host plants, and observed genetic divergence between host races have been 
thought as an empirical evidence of sympatric speciation (Caillaud and Via, 2000; Via 
and Hawthorne, 2002). A genetic correlation between host choice and performance of 
pea aphid has been found by using QTL (quantitative trait locus mapping) analysis 
(Hawthorne and Via, 2001; Via and Hawthorne, 2002). Several studies on the genetic 
structure of aphid population with micro-satellite markers also suggest that genetic 
differentiation is associated with host-plant use. Some examples are from Aphis gossypii 
(Masutti and Chavigny, 1998), Sitobion avenae (Lushai et al., 2002), Brevicoryne 
brassicae (Montoya et al., 2003). 
 
Environmental factors affecting host-plant selection behaviour of 
insects 
 
Host-plant selection by insects can vary with environmental conditions. For instance, 
neighbouring non hosts can affect responses of insects to host plants. It has been 
reported that the positive response of A. fabae to odour of bean leaves was neutralised 
when bean leaves were provided as 1:1 mixtures with non-host leaves such as winter 
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savory (Satureja Montana), summer savory (Satureja hortensis), tansy (Tanacetum 
vulgare), and basil (Ocimum basilicum) (Nottingham et al., 1991). Non-host leaves 
alone were neutral except for summer savory which repelled aphids. Odour from tansy 
leaves acted as a repellent to B. brassicae, but a 4:1 mixture of Brussel sprout and tansy 
neutralised tansy’s repellency (Nottingham et al., 1991). When barley is exposed to 
volatiles from non-host plants, Chenopodium album L. and Solanum nigrum L., 
acceptability to Rhopalosiphum padi was greatly reduced (Nikovic et al., 2009). 
Exposure to root exudates from non-host couch-grass (Elytrigia repense) plants 
significantly reduced an acceptability of barley to R. padi in a choice and non-choice 
assay. Odour of barley treated with root exudates also repelled R. padi (Glinwood et al., 
2003). Interactions between host plants also can affect host acceptance by insects. In 
some combinations of barley cultivars, although all cultivars have no significant 
difference in acceptability when applied alone, the acceptability of each cultivar to R. 
padi was changed. For instance, Cultivar Kara showed significantly reduced aphid 
settling when mixed with or exposed to volatiles of the cultivar Alva, whereas Alva did 
not respond to the proximity of Kara (Nikovic et al., 2002).   
 
Other organisms sharing the same plants can affect insect host-plant selection. For 
instance, inoculation of the leaves of silver birch, Betula pendula, with a fungal 
pathogen, Marssonina betulae, increased the acceptability to the aphid, Euceraphis 
betulae. Fungal attack was associated with an increase in the concentration of free 
amino acids which were released from degraded mesophyll cells (Johnson et al., 2003). 
There are some cases where plants benefit from mutualistic interactions with fungal 
associates. The presence of the endophytic fungus, Acremonium coenophialum, in tall 
fescue, Festuca arundinacea, deterred feeding by R. padi and Schizaphis graminum 
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(Johnson et al., 1985), and the deterrence was attributed to the alkaloids produced by 
fungal endophyte, such as peramine or ergovaline (Siegel et al., 1990). Blowground 
herbivores may change plant chemistry which in turn can affect host selection behaviour 
of aboveground herbivores sharing the same plants. In 3-day field experiments where 
the larvae of the cabbage root fly, Delia radicum was pre-infested on roots of wild 
crucifer, Brassica nigra, as a treatment and aphid settling was assessed (Soler et al., 
2009), B. brassicae was significantly more abundant on a cluster of control plants 
(which were free of the larvae) than equivalent plants infested with the larvae. It was 
speculated that the increased levels of foliar phytotoxin (glucosinolates) in root-infested 
B. nigra may act as a selection pressure for B. brassicae to avoid root-infested plants. In 
a greenhouse study, the presence of earthworms in the soil decreased colonization by M. 
persicae on tansy, Tanacetum vulgare, and infestation of arbuscular mycorrhizal fungi 
reinforced the effect of earthworm (Wurst and Forstreuter, 2010). Plant viruses can also 
influence host-selection behaviour of aphid vectors. There are some cases where aphids 
preferentially colonise leaves of virus-infected plants. For instance, M. persicae 
preferred potato leaf roll virus-infected plants to non-infected or other virus (potato 
virus X or Y)-infected plants, and preferential colonization by aphids was attributed to 
volatiles emanating from virus-infected leaves (Eigenbrode et al., 2002). There are also 
cases where aphid behaviour itself is influenced by plant viruses and as a result, the 
interactions between aphids and plants, including host-selection behaviour are changed. 
For instance, virus-free aphids were attracted to odour of virus-free aphids on barley as 
an aggregation mechanism, but virus-infected aphids did not respond. Neither virus-free 
nor virus-infected aphids were attracted to odour of virus-infected aphids on barley (Ban 
et al., 2008). 
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The aims and objectives of this study 
Despite decades of extensive studies on host selection by aphids, host-plant recognition 
by aphids is still poorly understood. Also, little is known of chemical components 
involved in host-plant recognition. The aims of this thesis were to investigate host 
acceptance for reproduction by virginoparae and gynoparae of the bird cherry-oat aphid, 
Rhopalosiphum padi, and to characterise chemical components involved in host-plant 
recognition.  
More specifically, Chapter 3, as preliminary experiments for chapter 4, aimed to 
compare parturition and probing behaviour between tethered and untethered 
Rhopalosiphum padi on their host plants. Larvipostion and probing behavour prior to 
first parturition were also compared between on excised leaves and leaves on intact 
seedlings of bird cherry, Prunus padus. Chapter 4 aimed to investigate parturition and 
probing behaviour of R. padi on host and non-host plants to establish whether 
parturition stimulant(s) is located in the peripheral tissues, and detection of the 
stimulant(s) and the decision of reproduction took place before sustained phloem 
ingestion in the host acceptance process. Chapter 5 aimed to investigate larviposition 
and probing behaviour of pea aphid, Acyrthosiphon pisum on susceptible and (phloem-
based) resistant line of Medicago truncatula to reinforce the hypothesis that the decision 
about reproduction occurs before phloem contact and so independent of phloem-based 
resistance. Chapter 6 aimed to investigate host acceptance behaviour of R. padi on 
aquous extracts of host and non-host plants to elucidate chemical feature of host 
acceptance by R. padi. Chapter 7 aimed to identify host recognition stimulants, utilised 
by gynoparae of R. padi, present within the aquous extract of bird cherry.  
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Chapter 2 
 
General materials and methods 
 
Insects 
 
Rhopalosiphum padi culturing 
 
Aphids were reared on barley, Hordeum vulgare (cv. Doyen). Barley seeds were soaked 
in a tap water overnight and germinated on a wet white filter paper (Watman, UK) 
within a Petri dish under dark conditions at 15±1 oC. Germinated seeds were 
transferred in compost (Livingstone multipurpose compost, Waterlock system, UK) in a 
tray, and grown in a glasshouse (natural day length with supplementary lighting to 
provide a minimum day length of 16 h, temperature 17-35 oC). Seedlings at one or two-
leaf stage were transplanted and maintained in compost in 7-cm white plastic cups or 9-
cm pots.  
 
One or two wingless adult virginoparae of a clone of R. padi (from Rothamsted 
Research) were placed on the barley seedlings (one or two-leaf stage), and kept in a CT 
cabinet under long-day conditions (L : D 16 : 8h at 17±1 oC). To induce winged 
virginoparae, 8-12 wingless adults were transferred from the culture onto barley 
seedlings (about 7 days after the germination, 3-5 cm tall), and allowed to larviposit for 
7-8 days. After the adults were removed, nymphs were reared under long-day conditions 
(L : D 16 : 8 h) at 17±1 oC, and many developed as winged adults. Gynoparae were 
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induced by transferring two 3rd or 4th stadium wingless virginoparae onto barley 
seedlings (about 7 days after the germination, 3-5 cm tall) and rearing it under short-day 
conditions (L : D 12 : 12 h) at 15±1 oC. When their nymphs (gynopara producers) 
became 4th instars or adults, one or two of them were transferred onto new barley 
seedlings, and maintained under the short-day conditions until their nymphs 
(gynoparae) became adults. The procedures for obtaining adult gynoparae required 
approximately 30 days. 
 
Acyrthosiphon pisum culturing 
 
Seeds of tic bean (a variety of Vicia fabae), were sown in a tray of damp sand and 
geminated in semi-dark conditions in a culture room (16±1 oC). Seven seedlings (1-
2cm tall) were transplanted in damp sand in each 9-cm pot.   
 
Two clones of A. pisum, one collected from bean, V. fabae, and the other collected from 
alfalfa, Medicago sativa (kindly provided by Dr. Glen Powell in Imperial College 
London), were maintained on tic beans. One wingless adult virginopara was placed on 
each of seven seedlings in 9-cm pot, covered with a glass vial (internal diameter: 25mm, 
length: 75 mm), and allowed to reproduce for about 7 days. The adults were then 
removed, and glass vials were replaced by a lamp glass (small diameter: 60 mm opening 
to: 75 mm diameter, height: 160 mm). Two clones were maintained in two separate 
cabinets (L : D 16 : 8h) at 15±1 oC. Special care was taken to prevent one clone from 
contaminating the other whenever aphids were handled.      
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Electrical penetration graph (EPG) 
 
Basic principles 
 
Electrical Penetration Graph (EPG) is the electrically recorded presentation of 
mouthpart penetration of plants by piercing arthropods (Tjallingii, 2000). It was 
originally developed in 1960s by D. L. McLean and M. G. Kinsey of the University of 
California, Davis, to study the probing behaviour of aphids (McLean and Kinsey, 1964, 
1965, 1967). Contrary to feeding behaviour of chewing insects which can be observed 
visually, probing and feeding of piercing-feeding insects occur within plant substrate 
and are not visually observable. The idea of McLean and Kinsey was to make an 
electrical circuit which included an aphid and a plant, and used electrical patterns 
produced during aphid feeding to infer stylet activities within plant substrate. Electrical 
penetration graph techniques have been modified and improved greatly since then; 
especially, alternating-current (AC) systems developed in McLean and Kinsey’s work 
were replaced by direct-current (DC) systems (Schafers, 1966; Tjallingii, 1978, 1985a). 
 
Direct-current systems consist of a primary circuit of plant, insect, voltage source and 
input resistor, and a secondary circuit (signal processing unit) which processes the input 
signal (which is the voltage at the measuring point) into final EPG at the output 
(Tjallingii, 2000) (Fig. 2.1). In a Fig. 2.1, V is the total voltage applied to the circuit and 
Vi is the voltage at the measuring point. This Vi is the actual signal that is measured by 
the monitoring system, and the record of the fluctuating voltage Vi is recorded as the 
electrical penetration graph (EPG). According to the Ohm’s law (V = IR), the voltage 
drop, Vx, across resister x, Rx, is proportional to the value in ohms of resister x, (Vx ∝ 
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Rx). Therefore, the voltage at the measuring point (Vi) is: 
 
Vi = V * Ri / (Ri + Ra)                          [1] 
 
 
 
 
 
 
Fig. 2.1 A circuit for EPG recording. V: the total voltage; Vs: the source voltage which is 
introduced into the soil; Vi: the voltage at the measuring point; Ri: the input resistor; Ra: 
resistance of the aphid; emf: electromotive forces, i.e. voltages generated within the insect-plant 
combination; E: electrode (adapted from Tjallingii, 2000). 
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Total voltage, V, consists of the supply voltage and voltages generated in the insect-
plant interface (referred to as electromotive force (emf) component): 
 
V = Vs + emf                               [2] 
 
Therefore, 
 
Vi = (Vs + emf) * Ri / (Ri + Ra)                        [3] 
 
In equation [3], Vs and Ri are constants so fluctuations in the signal Vi are caused by 
emf and Ra (which is referred to as R component). The emf component can be 
biological potentials, such as membrane potential of plant cells resulting from different 
concentrations of ions on either side of membrane. It is caused by differentially 
permeable membranes and ion pumps actively pumping in and out particular ions to 
either side of the membrane. Normally the inside of the membrane is electrically 
negative than the outside (-100-180mV). Fluids (containing ions) moving up and down 
inside the insect’s stylet generate electrical potentials (which is referred to as streaming 
potential). Two electrodes, the insect electrode and the earth electrode, also generate 
potentials when the insect inserts its stylet into the plant as the two electrodes are 
metallic and connected in an electrolytic solution (which is referred to electrode 
potential, E). R components are caused by changes in concentration of electrolytes in 
the stylet canals, or electrical resistance change resulting from opening and closing of 
valves in the oral cavity, or so on. As only emf component is relevant to biological 
activities of the insect that researchers are interested in, much greater Ri is used 
compared with Ra. In equation [3], if Ri is much greater than Ra, Ra can be ignored and 
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emf only affects Vi (Tjallingii, 2000; Walter, 2000).   
 
Considerable efforts have been made for correlating Vi patterns with stylet behaviour of 
aphids. For instance, histological techniques have been applied. Aphid stylets were 
severed while particular Vi patterns were recorded and then the plant tissues containing 
the severed stylets were microscopically examined (Kimmins and Tjallingii, 1985; 
Spiller et al., 1985; Tjallingii and Hogen Esch, 1993). Characteristics of EPG 
waveforms and related aphid stylet activities are summarised in Fig. 2.2 and 2.3.  
 
 
 
Fig. 2.2 Electrical penetration graph (EPG) of aphid feeding behaviour: the graph shown is an 
hour recording of a wingless virginopara of Rhopalosiphum padi on barley; letters indicate EPG 
waveforms; waveform “A” represents the beginning of the penetration into the epidermis, “B” 
represents salivation of stylet sheath into epidermis-mesophyll, “pd” represents intracellular 
stylet tip puncture, “G” represents xylem ingestion, “E1” represents salivation into phloem, 
“E2” represents phloem ingestion.   
 
 
 
a) A+B 
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b) C                                c) Potential drop (pd)  
 
   
 
d) E1                                    e) E2  
 
         
 
f) G                                     g) F  
 
          
 
 
Fig. 2.3 Waveforms used in EPG interpretation: all waveforms shown are selected from EPG 
recordings of wingless virginoparae of Rhopalosiphum padi on barley; a) waveform “A” 
represents the beginning of the penetration into the epidermis, “B” represents salivation of stylet 
sheath into epidermis-mesophyll, b) “C” represents activities during penetration and potential 
drop (pd) is included in “C”, c) “pd” represents intracellular stylet tip puncture, d) “E1” 
represents salivation into phloem, e) “E2” represents phloem ingestion, f) “G” represents xylem 
ingestion, g) “F” represents penetration difficulty.  
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Experimental procedures 
 
Each adult aphid was attached to a fine gold wire electrode (2 cm long and 20 µm in 
diameter) which connected the aphid to a Giga 4, 109 Ω input impedance amplifier 
(EPG-Systems, Wageningen, The Netherlands). Another copper electrode (DC voltage 
supply electrode) was inserted into damp sand next to the petiole of the bird cherry leaf 
in a glass vial, or next to roots of the barley seedling in a 9-cm pot (Fig. 2.4). Four 
aphids were used to produce EPG recordings simultaneously by using all 4 channels of 
the Giga 4. Aphids were checked regularly during the first 30 min from the beginning of 
the recording, and any that had fallen or walked away from the experimental 
leaf/seedling were returned to the surface of the plants. For the aphids which fell off or 
walked away after 30 min, the EPG recordings were not analysed. EPGs were recorded 
for 6 or 8 h depending on experiments and were analysed by using the EPG analysis 
software ANA34. Experiments were carried out in a Faraday cage (90*60*100 cm) at 
room temperature (22-26 oC). 
 
Simultaneous EPG-video monitoring 
 
In order to obtain the exact time of larviposition, the aphids on their host plants were 
monitored during EPG experiments by using simultaneous EPG-video monitoring 
procedures (Hardie et al., 1992, Hardie and Powell, 2000, Tosh et al., 2002). A CCD 
camera (Cohu, Inc.,12367 Crosthwaite Circle, Poway, CA 92064) was focused on the 
wired aphid and the image digitized and displayed on the computer screen by 
digitization kit (Terratec Grabster AV 400MX, TerraTec Electronic, Germany) with real-
time EPG output simultaneously. This procedure allowed for monitoring aphid 
behaviour on the plant and its stylet activities inside the plant simultaneously. Video 
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recordings were terminated soon after aphids larviposited, and only EPGs were recorded 
for the full 6 or 8 h (Fig. 2.4). 
 
 
 
 
 a)                                 b) 
       
c)   
 
 
 
Fig. 2.4 Electrical penetration graph system and simultaneous EPG-video recording: a) 
Recording. High resolution CCD camera is focused on the aphid on Prunus padus leaf; b) One 
channel, the aphid is connected to the probe via thin gold wire, and P. padus leaf is connected to 
the earth electrode; c) EPG is displayed with video images simultaneously on the monitor 
screen.   
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Chapter 3 
 
Preliminary experiments:  
 
1) Parturition in tethered and un-tethered 
Rhopalosiphum padi  
2) Parturition of gynoparae of Rhopalosiphum padi on 
detached leaves and leaves on intact seedlings of bird 
cherry 
 
 
 
Introduction 
 
The electrical penetration graph (EPG) technique is a useful tool to monitor aphid stylet 
behaviour within plant tissue, and has been widely applied to study host-plant 
acceptance (McLean and Kinsey, 1968), resistance of plants (Van Helden and Tjallingii, 
1993) and virus transmission by aphids (Powell, 1991) and other studies on aphid-plant 
interactions, such as insect response to plant-mediated climate change (Pritchard et al., 
2007) and non-target effects of genetically modified plants (Liu et al., 2005). However, 
it has often been mentioned that manipulation of the system could cause some artificial 
results. For instance, the EPG system requires aphids to be attached to a fine gold wire, 
and the tethering may restrict aphid movement on the plant surface and interfere with 
stylet behaviour. There are examples demonstrating tethering effects. It has been 
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reported that attachment of a wire on Brevicoryne brassicae and Acyrthosiphon pisum 
significantly reduced longevity and fecundity probably caused by decreased feeding 
(Tjallingii, 1986). It has also been reported that wired apterous virginoparae of 
Rhopalosiphum padi initiated probing earlier, and showed reduced honeydew excretion 
on wheat, Triticum aestivum, suggesting decreased phloem sap ingestion (Prado and 
Tjallingii, 1999). On the other hand, in some cases, tethering did not make significant 
differences. For instance, there was no significant difference in probing behaviour 
between tethered and “free” aphids of Aphis craccivora on cowpea, Vigna unguiculata, 
when the “free” aphids were temporarily attached to a gold wire and EPGs were 
recorded for a few minutes and compared with tethered aphids. Fecundity and longevity 
were also similar between the two (Annan et al., 1997).  
 
Excised leaves have been widely utilised in experimental research due to the 
convenience, but the physiology of intact and excised leaves could differ. It has been 
reported that excision of spinach (Spinacia oleracea) leaves had no effect on 
photosynthetic rates, but the concentration of sucrose in the leaves increased initially, 
and accumulation of starch also increased after 2 hours of leaf excision, probably as a 
result of reduced rates of export (Huber and Bickett, 1984). Also, mature leaves of 
Lolium temulentum maintained photosynthetic activities for some days after excision, 
and during that time, the amount of soluble carbohydrates increased, and their 
reallocation to higher oligosaccharides occurred (Housley and Pollock, 1985). Leaf 
excision may also affect leaf water potential. For instance, the petiole excision of Citrus 
jambhiri immediately increased leaf water potential before the steady decrease occurred 
as the leaves dried (Savage et al., 1983). It has been reported that jasmonic acid (JA)-
induced sesquiterpene volatiles were produced significantly more (2.5- 8.0 fold) in 
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excised leaves than leaves on intact plants of corn, Zea mays, when both leaves were 
mechanically damaged, and the ratio of sesquiterpene volatiles emitted also differed 
between the two (Schmelz et al., 2001). There are also cases where the effects of leaf 
excision affect plant-insect interactions mediated by changes in plant physiology. For 
instance, in some cases, resistance of some resistant plants to insects required intact 
plants, and leaf excision took away the resistance, turning resistant plants susceptible 
(Montllor et al., 1990; Klingler et al., 2005; Stewart et al., 2009).  
 
The aim of this research was to determine whether tethering and use of excised leaves 
affect the behaviour of Rhopalosiphum padi in the EPG experiments. Host-acceptance 
behaviour (in terms of reproduction) was compared between tethered and “free” aphids 
(winged, wingless virginoparae and gynoparae) of Rhopalosiphum padi on their host 
plants. Larviposition and probing behaviour prior to the first parturition of gynoparae of 
R. padi were also compared between on detached leaves and on leaves on intact 
seedlings of bird cherry, Prunus padus. The following chapter utilises the EPG 
technique, and applies it to detached leaves of bird cherry, Prunus padus, so preliminary 
experiments carried out in this chapter were necessary to obtain unbiased results. In the 
experiments, 
 
Materials and Methods 
 
Insects and plants 
Gynoparae and virginoparae (winged and wingless) of Rhopalosiphum padi were reared 
as in Chapter 2.  
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Seedlings (50-100 cm in height) of bird cherry, Prunus padus were planted in soil 
(mixture of 1:1 sand with organic compost (Levingston’s Multi-purpose) in a 20-cm pot, 
and held in a roofed open greenhouse until use. Plants were watered regularly, and 
leaves were checked regularly and prior to experiments to make sure no aphids were 
present. Barley, Hordeum vulgarae was grown as described in Chapter 2, and utilised 
when they were at two or three-leaf stage.  
 
Parturtion of tethered and un-tethered Rhopalosiphum padi on their 
host plants 
Winged and wingless virginoparae of R. padi were either attached to the aphid electrode 
through the gold wire and placed on leaves of barley in EPG system, or were placed on 
barley leaves without any tethering by using a soft paintbrush. Electrical penetration 
graphs of tethered aphids were recorded until first parturition was initiated and the time 
taken by tethered and un-tethered aphids to first parturition from the placement on the 
plants were simultaneously measured by using video monitoring as chapter 2. 
Gynoparae of R. padi were investigated in the same way except that bird cherry 
seedlings were used and EPGs were recorded up to 6 h. 
 
Parturition and probing behavior (prior to first parturition) of 
gynoparae of Rhopalosiphum padi on detached leaves or leaves on 
intact seedlings of bird cherry 
Comparisons were made between a detached leaf and a leaf on the intact seedling. 
Experimental leaves were either detached from a P. padus seedling and their petioles 
placed immediately into damp sand, whilst other leaves were left attached to the 
seedling. Electrical penetration graphs were recorded as Chapter 2 over 6 h and the time 
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taken to first parturition from the placement of the leaves were measured by using 
simultaneous video monitoring. Offspring produced on detached leaves or leaves on 
intact seedlings over 6 h and 18 h were also counted. 
 
Data analysis  
 
Statistical analyses were performed in R (version 2.6.1 for Windows). Prior to analysis, 
data were tested for normality and equality of variance by using Shapiro-Wilk’s test, 
and F-test, respectively. Transformations were applied if necessary. For data which 
showed normality and equal variance, t-tests or paired t-tests were performed. Some 
paired data could not be transformed, so paired Wilcoxon rank sum tests were 
performed.    
 
Results 
 
Parturition of tethered and un-tethered Rhopalosiphum padi on their 
host plants 
  
There was no significant difference in the time taken to first parturition from the 
placement of the host plants between tethered and un-tethered R. padi regardless of the 
morph (t = 2.0034, p = 0.07613 for gynoparae; t = 1.0361, p= 0.3085 for winged 
virginoparae; t = 0.4605, p = 0.6491 for wingless virginoparae) (Fig. 3.1). Gynoparae 
initiated first parturition earlier than winged or wingless virginoparae on their host 
plants either when they were tethered or not tethered (Fig. 3.1).  
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Fig. 3.1 Time (mean±s.e.) taken by tethered or un-tethered Rhopalosiphum padi to first 
parturition from being placed on the plants: “Gyno” represents gynoparae; “virgino” represents 
virginoparae; alate means winged and apterous means wingless; n=13 for gynoparae, n=16 for 
virginoparae (winged or wingless); n.s. represents no significant difference.   
 
Parturition and probing behavior (prior to first parturition) of 
gynoparae of Rhopalosiphum padi on detached leaves or leaves on 
intact seedlings of bird cherry 
 
There was no significant difference in the time taken by gynoparae of R. padi to first 
parturition or first phloem contact (recognised by EPG pattern E1) on detached leaves 
or leaves on intact seedlings of bird cherry (t = -0.6867, p = 0.5096) (Fig. 3.2). First 
parturition was initiated at 63.9±4.9 min and 68.3±6.9 min (min±s.e., n=10) on detached 
leaves and leaves on intact seedlings of bird cherry, respectively, before phloem contact 
occurred at 198.9±60.9 min and 164.7±54.2 min (min±s.e., n=7), respectively (Fig. 3.2).  
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Fig. 3.2 Time (mean±s.e.) taken by Rhopalosiphum padi gynoparae to first parturition and first 
phloem contact (recognised by EPG pattern E1) on detached leaves or leaves on intact seedlings 
of Prunus padus. n=10 for each group in First parturition and n=7 in First E1; n.s. represents no 
significant difference.           
 
The number of nymphs produced by gynoparae was 6.0±0.5 and 5.4±0.3 over 6 h, and 
8.0±0.8 and 6.9±0.5 over 18 h, on detached leaves and leaves on intact seedlings of bird 
cherry, respectively, which was also not significantly different (Fig. 3.3).  
 
Fig. 3.3 The number of nymphs produced (mean±s.e.) by Rhopalosiphum padi gynoparae 
over 6-h and 18-h periods on detached leaves or leaves on intact seedlings of Prunus padus. 
n.s. represents no significant difference; n=10 for each group. 
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The duration of stylet activities, such as non-probing (recognised by EPG pattern np), 
pathway activities (recognised by EPG pattern C), xylem ingestion (recognised by EPG 
pattern G) and phloem salivation (recognised by EPG pattern E1), of gynoparae of R. 
padi were not significantly different on detached leaves or leaves on intact seedlings of 
bird cherry (Fig. 3.4). Prior to first parturition, gynoparae on detached leaves of bird 
cherry stayed without probing for 10.2±2.8 min (min±s.e., n=10) and spent 26.4±4.3 
min (min±s.e., n=10) in probing. Xylem ingestion (recognised by EPG pattern G) 
occurred for 25.7±7.6 min (min±s.e., n=10). 
 
On the leaves on intact seedlings of bird cherry, aphids stayed without probing for 
7.0±1.3 min (min±s.e., n=10), and spent 23.5±4.3 min (min±s.e., n=10) in probing. 
Xylem ingestion occurred for 35.7±6.7 min (min±s.e., n=10). Over 6 h, aphids on 
detached leaves or leaves on intact seedlings stayed without probing for 55.1±10.2 min 
(min±s.e., n=10) and 55.2±9.6 min (min±s.e., n=10), respectively, and spent 298.9±10.4 
min (min±s.e., n=10) and 301.1±9.3 min (min±s.e., n=10), respectively, in probing. 
Xylem ingestion occurred for 123.6±12.1 min (min±s.e., n=10) and 131.1±13.4 min 
(min±s.e., n=10), respectively, and phloem salivation lasted for 9.7±4.2 min (min±s.e., 
n=10) and 18.9±3.7 min, respectively (Fig. 3.4).  
 
Prior to first parturition, 20% of aphids showed phloem salivation (E1) on detached 
leaves or leaves on intact seedlings, but this percentage increased to 70% on detached 
leaves, and to 80% on leaves on intact seedlings after 6 h (Fig. 3.5). No aphids showed 
phloem ingestion (E2) until first parturition was initiated on either detached leaves or 
leaves on intact seedlings, but 50% and 30% of aphids showed phloem ingestion over 6 
h on detached leaves or leaves on intact seedlings, respectively (Fig. 3.6).  
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a) Before first parturtion 
 
 
b) Over 6-h period 
 
Fig. 3.4 Time (mean±s.e.) spent by Rhopalosiphum padi gynoparae in various probing 
activities on detached leaves and leaves of intact Prunus padus seedlings a) before first 
parturition and b) over a 6-h period. NP: non penetration; C: pathway activity; G: xylem 
ingestion; E1: phloem salivation. n=10 for each group except for E1 (n=7); n.s. no 
significant difference.  
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a) E1  
 
             
b) E2 
 
Fig. 3.5 Percentage of Rhopalosiphum padi showing phloem salivation (recognised by E1) and 
ingestion up to first parturition and over 6 h (recognised by E2): First part represents first 
parturition; n=8 for each group; n.s. means no significant difference. 
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Fig. 3.6 Time (mean±s.e.) spent by gynoparae of Rhopalosiphum padi on phloem salivation 
(recognised by E1) and ingestion (recognised by E2) over 6 h: n=8 for each group; aphids 
showing both E1 and E2 were selected from both data “detached’ and “intact” and pooled; “*” 
represents a significant difference (p<0.05).         
 
 
 
As the time spent in phloem salivation and ingestion was not significantly different 
between aphids on detached leaves or leaves on intact seedlings, the data were pooled to 
compare between times spent in doing phloem salivation and ingestion. Interestingly, 
aphids spent significantly more time (16.8±4.5 min±s.e., n=8) in doing phloem 
salivation than in doing phloem ingestion (4.4±1.6 min±s.e., n=8) (Fig.3.6). 
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Discussion 
 
The results indicated that tethering of EPG system did not make a significant difference 
in parturition behaviour of R. padi, irrespective of the morph. Similar results were 
observed in Phorodon Humuli on hops, Humulus lupulus (Paul et al., 1996). The 
numbers of nymphs produced per aphid per day by wired and unwired aphids were not 
significantly different. On the other hand, Tjallingii (1986) found that the wiring of 
Brevicoryne Brassicae and Acrythosiphon pisum reduced fecundity, especially the 
numbers of nymphs produced per aphid per day. It is interesting to note that, regardless 
of whether aphids were tethered or not, the time taken by gynopare to first parturition 
was shorter than winged or wingless virginoparae, which is consistent with the results in 
the previous chapter. It was speculated that as specialists, gynoparae may make a faster 
decision on host acceptance than virginoparae, generalists. Free moving gynoparae 
tended to larviposit earlier than tethered ones but with a lack of significance at P<0.05 
(Fig. 3.1).  
 
The results suggested that leaf excision also did not affect aphid behaviour significantly. 
Parturition and probing behaviour were not significantly different between gynoparae 
on detached leaves and on leaves on intact seedlings of bird cherry, P. padus. Actually, 
excised leaves can be good food sources for aphids at least for a short time, and have 
been used for rearing aphids (Blackman, 1971). As photosynthetic activities are 
maintained for some time after leaf excision (2 days in the case of Housley and Pollock, 
1985) at the similar level as when the leaf was attached to the plant, but the phloem 
leakage due to excision of a petiole is in most case effectively sealed by occlusion of 
phloem proteins and callose, the concentration of sucrose in detached leaves is often 
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higher than leaves on intact plants (Huber and Bickett, 1984; Housley and Pollock, 
1985). It has been found that transport process within phloem (toward a petiole) 
continued for several days after leaf excision (Leonard and Glenn, 1968; Köcher and 
Leonard, 1971). Also, most of amino acids and ions in leaves have a diurnal variation in 
concentrations, with highest concentrations at the day time (Yarwood, 1946), when the 
leaves are normally detached for experiments. Other research also suggested that 
excised leaves may maintain enough water unless they are under dry environments 
(Yarwood, 1946; Savage et al., 1983).  
 
Interestingly, gynoparae of R. padi spent significantly more time in phloem salivation 
(recognised by EPG pattern E1) than phloem ingestion (recognised by EPG pattern E2), 
irrespective of whether they were placed on detached leaves or leaves on intact 
seedlings of P. padus. It suggests that P. padus may be resistant to gynoparae of R. padi, 
even though gynoparae of R. padi is specialised on P. padus. While aphids probe on 
their host plants, in most cases, brief phloem salivation is followed by long lasting 
phloem ingestion (typically longer than an hour). On the other hand, long phloem 
salivation along with short phloem ingestions is often observed in EPGs of aphids on 
resistant plants (Klingler et al., 1998). Leather (1982) argued that R. padi gynoparae did 
not feed on P. padus, and it was experimentally supported by Walters et al. (1984). 
However, there is also evidence contradicting with Leather (1982). For instance, it has 
been found that R. padi gynoparae survived on P. padus significantly longer than on oat, 
Avena sativa or spindle, Euonymus europaeus (Donato, 2002), suggesting that R. padi 
obtained nutrients from P. padus. Leather (1986) speculated that gynoparae of R. padi 
may utilise only volatiles and surface chemicals of P. padus in host-plant recognition, 
and that stylet insertion did not occur and internal components within the plants were 
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not involved in host recognition process. In EPG recordings in this research, all 
gynoparae inserted their stylets into plant tissue, and showed typical probing activities 
such as xylem ingestion, brief cell punctures, and pathway process. However, long 
phloem ingestion was rare and in many cases aphids spent more time in phloem 
salivation than phloem ingestion. These results suggest that gynoparae of R. padi may 
try to feed on P. padus after the first parturition, but may have a difficulty in ingesting 
the phloem for some unknown reasons.  
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Chapter 4  
 
The probing and larviposition behaviour of 
Rhopalosiphum padi 
 
Introduction 
 
The prominent traits of aphid ecology are rapid reproduction and an advanced 
adaptation to host-plant physiology and ecology. To optimise survival and reproductive 
success, it is necessary to locate and exploit host plants efficiently (Pettersson et al., 
2007). However, host-plant location and selection are challenging for aphids because (1) 
they utilise a limited range of plants which must be located in an environment that 
comprises a variety of plant species, and (2) they cannot survive for a long time without 
plant access and (3) they can only control their flight in low wind speeds (<0.7 m/s) 
(Powell et al., 2006).  
 
Aphids utilise various visual and olfactory signals to find their host plants. The 
phototactic response to plant-reflected wavelengths has been reported (Hardie, 1989; 
Nottingham et al., 1991), and it is known that some aphids preferentially land on yellow 
coloured surfaces (Kennedy et al., 1961; Prokopy and Owens, 1983; Döring et al., 
2008). Volatiles emanating from plant leaves can act as attractants or repellents (Isaacs 
et al., 1993; Nottingham and Hardie, 1993). After an aphid lands on a plant, various 
cues on the surface of plants, such as epicuticular wax structure and chemical 
composition (Powell et al., 1999), can influence aphid behaviour before stylet insertion. 
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On the host-plant, brief (<1 min) probes are followed by penetration beyond the 
epidermis toward phloem elements via mesophyll and parenchyma tissues (Powell et al., 
2006). Phloem-element puncture and sustained ingestion (>10min) is the last process 
for host-plant acceptance as a food source (Caillaud and Via, 2000; Powell et al., 2006).  
 
The roles of primary and secondary compounds on aphid feeding and probing behavour 
have been studied for decades. For instance, it has been reported that aphid feeding and 
probing behaviour can be affected by primary compounds such as sucrose (Pescod et al., 
2007), and secondary compounds such as glycosides (Takemura et al., 2006) and 
glucosinolates (Kim et al., 2007). On the other hand, relatively little attention has been 
paid to reproductive stimulants and inhibitors. It had been supposed that phloem sap 
composition provided the final cues for plant identification and the stimulus for 
reproduction (Klingauf, 1987; Kobayashi et al, 1993). However, several recent studies 
on the reproduction of Acyrthosiphon pisum and Aphis fabae (Caillaud and Via, 2000; 
Powell and Hardie, 2001; Tosh et al., 2002, 2003; Del Campo et al., 2003) indicate that 
the chemical(s) which is used as a parturition stimulant by aphids may be detected in 
peripheral plant tissues before contact with the phloem, and lead to initiation of 
reproduction before sustained ingestion of phloem. It suggests that host acceptance by 
aphids may be independent of phloem feeding. 
 
The aim of this research is to investigate the probing and larviposition behaviour of the 
bird cherry-oat aphid, Rhopalosiphum padi on host and non host-plants to establish 
whether the parturition stimulant(s) is located in the peripheral tissues, and the detection 
of reproductive stimulants and ensuing larviposition activity precede sustained ingestion 
of phloem sap in the host-acceptance process. R. padi is an ideal model to study host 
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acceptance and decision making due to its holocyclic life pattern and different host-
plant range of two genetically identical morphs. The winged virginoparae, summer 
forms are generalists reproducing on a number of grass and cereals mainly belong to 
Poaceae, whereas the winged gynoparae, autumn forms, are specialists larvipositing 
only on the bird cherry tree, Prunus padus (Blackman & Eastop, 1994).   
 
Materials and Methods 
 
Plants 
Barley, Hordeum vulgarae, and bird cherry, Prunus padus were utilised as host plants 
for virginoparae and gynoparae, respectively. Refer to chapter 2 for the barley culturing. 
Excised mature leaves of bird cherry were collected from trees in Silwood Park, 
Berkshire, and used within 30 min of removal from the plant. 
 
Aphids 
Gynoparae, winged and wingless virginoparae of R. padi were utilised in this research. 
Refer to chapter 2 for the aphid culturing.  
 
Determination of pre-reproductive periods  
In order to determine the appropriate pre-reproductive time, gynoparae within 3 h of the 
final moult (those which have non-transparent or partially unfolded wings) were 
collected from the experimental culture and transferred onto a piece of barley leaf (2-3 
cm in length, approximately 1 cm in width) alongside a petiole of mature bird cherry 
leaf placed into damp sand, and monitored every 12 h until they moved from barley leaf 
to bird cherry leaf and reproduced. Winged virginoparae were monitored in the same 
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way as gynoparae, except that two pieces of barley leaf were offered for larviposition. 
For wingless virginoparae, the pre-reproductive time was estimated by monitoring every 
12 h after the final moult.  
 
Electrical penetration graph (EPG) 
Electrical penetration graphs were recorded for six aphid/plant combinations (winged 
virginoparae/barley, winged virginoparae/bird cherry leaf, gynoparae/barley, 
gynoparae/bird cherry leaf, wingless virginoparae/barley, and wingless 
virginoparae/bird cherry leaf). Twenty EPGs were obtained for each aphid morph/plant 
combination. Refer to chapter 2 for more details of EPG system. 
 
Simultaneous EPG-video monitoring 
Refer to chapter 2.  
 
Data analysis 
 
Statistical analyses were performed in R (version 2.6.1 for Windows). Prior to analysis, 
data were tested for normality and equality of variance by using Shapiro-Wilk’s test, 
and F-test or Fligner-Killeen test. Transformations (according to the results of Box-Cox 
transformation) were applied to meet the assumption of normality and homoscedasticity. 
For data which showed normality and equal variance, one-way ANOVAs were 
performed, and then, if necessary, post-hoc tests were performed by using Tukey HSD 
to further check the difference among groups. For data of unequal sample size or 
unequal variance, Welch’s t-tests were performed. For the data which could not be 
normalized by transformation, Kruskal-Wallis tests were performed. If necessary, post- 
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hoc multiple comparison were performed by using Dunn’s test. For the data of insect 
number showing particular EPG waveforms, Fisher’s exact tests were performed.  
 
Results 
 
Determination of the pre-reproductive period 
Under the light and temperature regimes of induction, 90% of gynoparae and winged 
virginoparae left the plants approximately 48 h after the final moult, and required 
approximately 72 h from the final moult to readily settle and reproduce on leaves of bird 
cherry and barley, respectively (Fig. 4.1). Wingless virginoparae required approximately 
24 h between eclosion and the start of reproduction on barley (Fig. 4.1). In order to 
obtain reproductively mature aphids of similar physiological stage, gynoparae and 
winged virginoparae were collected 48-72 h after the final moult (all aphids left the 
plants and stayed on the plastic cover or the muslin top when they were collected), and 
wingless virginoparae were collected 0-12 h after eclosion and were pre-reproductive, 
then held over damp sand at the relevant day length and temperature, and used after the 
appropriate pre-reproductive period. 
 
The probing behaviour of Rhopalosiphum padi on host and non-host 
plants 
 
Gynoparae on barley vs on bird cherry 
 
Gynoparae spent similar time in probing either on bird cherry or barley, and the number 
of probes was also similar on the two plants (Table 4.1). During the probing process,  
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a) Percentage of aphids which left the plant 
 
 
b) Percentage of aphids which larviposited after final moult 
 
 
Fig. 4.1 Percentage of Rhopalosiphum padi which a) left the barley and b) larviposited 
on barley (for virginoparae) or bird cherry (for gynoparae) after final moult: n=15 for 
gynoparae (L : D 12 : 12 h, 15 °C), n=18 for winged virginoparae (L : D 16 : 8 h, 17 °C), 
n=23 for wingless virginoparae (L : D 16 : 8 h, 17 °C); The duration from the beginning 
(time=0)until approximately 90% of aphids left off the plant or initiated reproduction 
was considered as teneral period or pre-reproductive period.
 63 
Table 4.1 The probing behaviour of Rhopalosiphum padi on the leaves of barley and bird cherry over 8 h. n=20 for all combinations. SE: standard error of mean; NP: non-probing; C, 
pathway; pd: potential drop; G: xylem ingestion; E1: phloem salivation; E2: phloem ingestion; F: difficulty in probing; values labeled with the same letter (a, b, c) is not significantly 
different (p < 0.05). 1: median was not calculated or statistically analysed due to small sample size; 2: only winged and wingless virginoparae on barley were compared. 
  Aphid phenotype / plant species   
 Gynoparae/ Virginoparae/  
    Winged   Wingless  Statistical 
Electrically recorded parameters bird cherry barley Bird cherry Barley bird cherry barley Analysis 
Median number of probes 40.5 a 32.5 a 12.5 b 9.5 b 17 c 10 b H = 50.19 P<0.001 
Median total NP (non-penetrating) (min) 114.8 ab 277.8 a 70.2 b 51.0 b 70.6 b 46.1 b H= 53.9 P<0.001 
Median total time penetrating (min) 379.0 ab 174.2 a 399.3 b 440.5 b 407.9 b 431.2 b H = 55.91 P<0.001 
Mean ± SE total C (pathway) (min) 213.4±14.8 a 135.3±15.5b 210.7±18.2 a 111±10.3 b 257.9±13.8 a 121.1±13.8 b F5,107=15.5 P<0.001 
Median number of pd (potential drop) 209.0 a 64.5 b 172.0 a 93.5 b 281.5 a 127.5 b H =62.52 P< 0.001 
Mean ± SE total G (xylem ingestion) (min) 128.6±10.5 ab 61.4± 5.2 a 168.1±15.1 b 168.0±13.0 b 122.5 ab 73.0 a H= 15.05 P<0.01 
Median total E1 (phloem salivation) (min) 1.7 a ---1 2.6 a 17.3 b 6.2 a 13.0 ab H = 15.05 P<0.01 
Median total E2 (phloem ingestion) (min) ---1 0 ---1 91.3 a ---1 212.4 b 2W = 109, p<0.05 
Number of insects showing F (probing difficulties) 2 0 3 11 1 1 P<0.001 
Number of insects showing G 20 20 20 20 20 20 p=1 
Number of insect showing E1 5 2 16 20 19 20 P<0.001 
Number of insect showing E2 2 0 3 18 7 20 P<0.001 
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on bird cherry, gynoparae spent more time in pathway process (C including A, B, pd) 
(p<0.05) and showed significantly more cell punctures (p<0.05). The time spent in 
xylem ingestion was similar on either bird cherry or barley. In terms of E waveform, 
20 % of aphids on bird cherry showed E1 for a short time (median 1.7 min), and only 
half of them (10%) went into the phloem ingestion stage. On barley, 10% of aphids 
showed salivation into the phloem but none showed phloem ingestion. F waveform was 
observed in EPGs of 10% of aphids but only on bird cherry (Table 4.1). 
 
Winged virginoparae on barley vs on bird cherry  
  
There was no significant difference in duration of probing and staying without probing 
between on barley and on bird cherry. The number of probes was also not significantly 
different between aphids on the two different plants (p>0.05) (Table 4.1). During the 
probing process, on barley, winged virginoparae spent less time in pathway process 
(p<0.05), punctured fewer cells (p<0.05), contacted the phloem and showed sustained  
phloem ingestion (median 91.3 min) just after the E1 salivation period (median 17.3 
min). On bird cherry, however, winged virginoparae spent more time in pathway 
process with more frequent cell puncture, and contacted the phloem for significantly 
shorter time (p<0.05) and only three aphids (15%) showed phloem ingestion after that. 
In terms of F waveform, 55% of the winged virginoparae showed F waveform on the 
barley, whereas 15% of aphids showed F on bird cherry. All aphids showed xylem 
ingestion on barley and bird cherry both, and duration of xylem ingestion was similar on 
the two plants (p=1). Phloem salivation (E1) was observed in all aphids and 90 % of 
them showed phloem ingestion as well. On bird cherry, 80 % of aphids showed phloem 
salivation but only three aphids (15%) went further to phloem ingestion (Table 4.1).  
 
Wingless virginoparae on barley vs bird cherry 
In terms of probing and non-probing, there was no significant difference in duration 
between on barley and on bird cherry, as is the case of winged virginoparae (p>0.05), 
but on bird cherry, wingless virginoparae withdrew their stylets more often during the 
probing process (the number of probes, p<0.05) (table 4.1). 
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During the probing process, on barley, wingless virginoparae spent less time in pathway 
process (p<0.05), punctured fewer cells (p<0.05). Xylem ingestion was similar on bird 
cherry or barley. All aphids (100%) showed phloem salivation which lasted for 13 min 
(median) and was followed by a long period of sustained phloem ingestion (median 
212.4 min). On bird cherry, wingless virginoparae spent more time in pathway process 
(p<0.05), punctured more cells (p<0.05) and showed a longer period of xylem ingestion 
(p<0.05). Almost all aphids (19 out of 20) contacted the phloem (phloem salivation for 
median 6.2 min), but only about half of them (7 out of 19) went further to the E2 phase 
and none of them showed sustained phloem ingestion (the longest phloem ingestion 
activity lasted for 5.9 min). All aphids showed xylem ingestion regardless of whether 
they were on the host or the non-host plant (Table 4.1).   
 
Parturition behaviour of Rhopalosiphum padi 
 
Gynoparae on bird cherry 
 
The time to first parturition from being placed on the plant was 58.8±7.4 min (mean±SE, 
n=20), which was significantly lower than the time to first phloem contact (E1, 
218.8±29.7 min, mean±SE, n=15) (t=7.70, p<0.001) (Fig. 4.2a). Most of aphids (18 out 
of 20) tested in the simultaneous EPG-video recordings initiated parturition during the 
probing process but 10% of them (2 out of 20) gave birth whilst the stylets were outside 
the plant tissue. Specifically, 60% of aphids (12 out of 20) larviposited during xylem 
ingestion and 30% (6 out of 20) while performing pathway activity (Fig. 4.3a).  
 
Prior to larviposition, 75% of aphids (15 out of 20) showed xylem ingestion, but phloem 
salivation and ingestion was not observed in any aphid (Table 4.2). The pathway process 
lasted for 24.6 min (median), xylem ingestion for 27.3±7.6 min (mean±SE), and cell 
puncture was shown about 28 times (27.5, Median) (Table 4.3). 
 
Winged virginoparae on barley 
 
The time to first parturition from being placed on the plant was 135.3±9.3 min 
(mean±SE), which was not significantly different to the time to first E1(118.9±18.5, 
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a) Gynoparae on bird cherry                 b) Winged virginoparae on barley 
 
 
 
 
c) Wingless virginoparae on barley 
 
Fig. 4.2 Time (mean±SE) taken by Rhopalosiphum padi from placement on the host plant to 
various events: a) gynoparae on bird cherry; b) winged virginoparae on barley; c) wingless 
virginoparae on barley. Larviposition: first parturition; E1: phloem salivation; E2: phloem 
ingestion. All means were compared with first parturition using t-test. * indicates p<0.05, ** 
p<0.01 and *** p<0.001. First E2 mean in a) was not tested due to small sample size (n=2) 
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a) Gynoparae on bird cherry                b) Winged virginopare on barley 
    
 
 
c) Wingless virginoparae on barley 
 
 
Fig. 4.3 EPG waveforms shown when first parturition by Rhopalosiphum padi on their host 
plants occurred: a) gynoparae on bird cherry; b) winged virginoparae on barley; c) wingless 
virginoparae on barley. C: pathway activity; E1: phloem salivation; E2: phloem ingestion; G: 
xylem ingestion; NP: non penetration 
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Table 4.2 The EPG waveforms displayed by Rhopalosiphum padi individuals before first 
parturition (n=20 for each morph). NP: non penetration; PA: pathway activity; G: xylem 
ingestion; E1: phloem salivation; E2: phloem ingestion. Numbers assigned to individuals 
doesn’t reflect experimental sampling order. 
 
 Gynoparae/bird cherry        Virginoparae/barley      
        Winged     Wingless   
Individual NP PA G E1 E2  individual NP PA G E1 E2  individual NP PA G E1 E2 
1 * *     1 * * *    1 * *    
2 * *     2 * * *    2 * * *   
3 * *     3 * * *    3 * *  * * 
4 * *     4 * * *    4 * *  * * 
5 * *     5 * * *    5 * * * *   
6 * * *    6 * * *    6 * * * * * 
7 * * *    7 * * *    7 * * * * * 
8 * * *    8 * * *    8 * *  * * 
9 * * *    9 * * *    9 * * * * * 
10 * * *    10 * * *    10 * * * * * 
11 * * *    11 * * *    11 * * * * * 
12 * * *    12 * * * *   12 * * * * * 
13 * * *    13 * * * *   13 * * * * * 
14 * * *    14 * * * *   14 * * * * * 
15 * * *    15 * * * * *  15 * * * * * 
16 * * *    16 * * * * *  16 * * * * * 
17 * * *    17 * * * * *  17 * * * * * 
18 * * *    18 * * * * *  18 * * * * * 
19 * * *    19 * * * * *  19 * * * * * 
20 * * *    20 * * * * *  20 * * * * * 
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Table 4.3 The probing behaviour of Rhopalosiphum padi before first parturition (n=20)  
  
 Aphid phenotype / plant species  
  Gynoparae/ Virginoparae/  
   winged wingless 
Electrically recorded parameters bird cherry  barley barley 
Statistical 
Analysis 
 Mean ± SE total C (min) 27.3±4.3a 
 
34.0±4.7a 45.6±5.1b F2,57=5.04 P<0.01 
 Median total G (min) 18.1a 
 
80.6b 47.5a H = 14.12 p < 0.001 
Number of insect showing E1 0  9 18 P<0.001 
Number of insect showing E2 0  6 17 P<0.01 
 Median number of pd 27.5a 
 
25.5a 43.5a H = 5.74 p > 0.05 
 
 
 
mean±SE) (t=1.05, p=0.345), and first E2 (161.5±27.7, mean±SE) (t=0.88, p=0.39) (Fig. 
4.2b). All aphids initiated parturition during the probing process. Xylem ingestion 
(60%) was the most prevalent activity shown at the beginning of the larviposition, 
which was followed by phloem ingestion (E2, 20%), the pathway activity (C, 15%) and 
phloem salivation (E1, 5%). No aphids gave birth whilst the stylets were outside the 
plant tissue (Fig. 4.3b). 
 
Prior to parturition, 45% of aphids showed phloem salivation and 24% ingested phloem 
(Table 4.3). Xylem ingestion was shown in all aphids and lasted for 80.6 min (median), 
and the median number of pd observed was twenty six (Table 4.3). 
 
Wingless virginoparae on barley  
 
The mean time of first parturition from being placed on the plant, which was 
147.1±12.2 (mean±SE), was significantly higher than both first registered phloem 
access (E1, 62.3±8.0, mean±SE) and first initiation of phloem ingestion (E2, 99.6±16.7,  
mean±SE) (t = 5.68, p<0.001) (Fig. 4.2c). Half of aphids (50%) initiated parturition 
during the phloem ingestion and others larviposited during pathway process (30%) or 
xylem ingestion (20%) (Fig. 4.3c).  
 
 70 
Prior to parturition, 90% of aphids contacted the phloem, showed phloem salivation, 
and most went further to phloem ingestion (85%) (Table 4.2, Table 4.3). Xylem 
ingestion occurred in 90% of aphids and lasted for 47.5 min (median). 
 
Discussion 
 
Probing behaviour of Rhopalosiphum padi 
In long-term (8 h) EPG recordings, few of gynoparae of R. padi (1 out of 20) showed 
sustained phloem ingestion (E2 for ≥10 min) on their host plant, even though they spent 
considerably longer time in probing on the host-plant than the non-host plant. As 
sustained phloem contact is considered as a feeding activity, the present result can be 
further evidence of supporting the results of several studies (Leather, 1981b, 1982; 
Walters, 1984) that gynoparae of R. padi may not feed on bird cherry, Prunus padus. 
However, one of them showed phloem ingestion for about 100 min, which contradicts 
the previous results. It is also interesting to note that gynoparae on bird cherry, their host 
plant, showed the long pathway process and high frequency of pd, which is the main 
characteristic of the probing pattern of virginoparae, both winged and wingless, on bird 
cherry, their non-host plant.      
 
Xylem ingestion was observed in both winged virginoparae and gynoparae of R. padi on 
both host and non-host plants. In Tosh et al. (2002), the winged virginoparae of Aphis 
fabae showed frequent xylem ingestion and it was speculated that xylem ingestion for 
the winged aphids can be a process of replenishing a water deficit caused by the 
dehydration and fasting during the teneral period. In the current experiment, the winged 
virginoparae of R. padi ingested xylem sap for a similar period on both host and non-
host plants, and gynoparae also showed xylem ingestion for long periods. These 
findings suggest that, basically, there is no behavioural barrier for winged aphids 
ingesting the sap from the xylem of non-host plants, and it is plausible that winged 
aphids can use non-host plants in the field to access to the xylem if necessary.         
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Larviposition behaviour of Rhopalosiphum padi 
Simultaneous EPG-video recording experiments indicate that, for winged morphs of R. 
padi, the decision for parturition on host plant may be made in the early stages of the 
probing process before sustained phloem contact. This is clear for gynoparae which 
showed the first phloem salivation about 160 min after the first parturition. In the case 
of winged virginoparae, there seems to be a congruency between the time to first 
parturition and first E1 or E2 activity. However, in Table 3, the half of winged 
virginoparae individuals (11/20) showed no sustained phloem contact (both E1 and E2) 
before the first parturition, which indicates that sustained phloem contact is, at least, not 
pre-requisite for the initiation of parturition in this morph either. Usually, induction of 
winged virginoparae in the laboratory studies requires crowded conditions where intra-
specific competition between aphids may be intense and this can cause the development 
of relatively small adults of different physiological status (Dixon, 1998). Flight 
behaviour has reported to be very variable among individual winged aphids in Shaw 
(1970) in which some of alate Aphis fabae induced in a laboratory reproduced before 
flying off the plant, some never flew and some flew before reproduction. There is also 
variation in duration of teneral period according to developmental experience 
(Woodford, 1969; Kring, 1972). The current experiments are also not free from all 
possible sources of phenotypic variation mentioned above.                      
 
In contrast to winged morphs of R. padi, most of wingless virginoparare contacted 
phloem before parturition and larviposited during sustained phloem ingestion. This 
result is somewhat different from that in Tosh et al. (2002), in which about half of 
wingless virginoparae of Aphis fabae initiated parturition before phloem contact. From 
the result of this experiment, it seems that wingless virginoparae of R. padi may contact 
the phloem as a part of host acceptance process. Considering that wingless virginoparae 
usually become adults with other siblings on the host plant where they were born and 
developed, it is tempting to think that, for most of wingless virginoparae of R. padi, 
phloem contact may be more important and therefore a high priority in host acceptance 
process for several possible reasons, for instance, as a routine process to check the 
quality and react to the change of it swiftly. It is often observed that when barley have a 
high population of wingless R. padi and its quality gets worse, aphids often walk off the 
plant (personal observation).     
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However, two of wingless virginoparae did larviposit before phloem contact, which 
indicates that at least some of them do not rely on phloem contact in their decision-
making about parturition. Moreover, in terms of probing behaviour on barley, there is 
little difference between winged virginoparae and wingless virginoparae, except that the 
duration of xylem ingestion is much shorter (about half, compared with winged morph) 
for wingless virginoparae. As the time taken until the first parturition is similar between 
the two morphs, it can be inferred that decision for parturition may be made in the early 
stages of the probing process for both wingless and winged virginoparae, and the time 
taken from the beginning of probing to first phloem contact may just depend on how 
long each morph stays in xylem ingestion and therefore phloem contact may be 
independent on the decision-making about parturition. Contrary to the fact that 
parturition before phloem contact demonstrates that phloem contact is not requisite, 
parturition after phloem contact does not necessarily demonstrate the inevitability of 
phloem contact in the host acceptance process. More research is necessary to make a 
clear conclusion.     
 
It has been argued that specialists may make faster decisions and discriminate quickly 
between their host plants and non-host plants than generalists, according to neural 
limitation theory (Bernays & Funk, 1999; Del Campo et. al., 2003). The present result 
that the gynoparae of R. padi, specialist on bird cherry, larviposited faster than the 
virginoparae, both winged and wingless, generalist feeding on grasses and cereals, can 
be evidence supporting the previously mentioned argument. Caillaud and Via (2000) 
demonstrated that after a brief probe of the plant tissues, two biotypes of Acyrthosiphum 
siphum, which utilize different plants as hosts, abandon non-host plants or feed and 
settle on their host plant. Tosh et al. (2002) also showed that winged virginoparae and 
gynoparae of Aphis fabae initiated larviposition before sustained phloem contact on 
their host plants. All these results indicate that the chemical cues used as parturition 
stimulants or sign stimuli may be located in the peripheral tissues rather than in phloem 
sieve elements, and detected early in aphid host-selection process and affect the aphid 
host-acceptance behaviour. Consistent with this previous research, the present result 
suggests that two female winged morphs of the aphid, R. padi, regardless of whether 
they are generalists or specialists, show the similar behavioural patterns to aphids used 
in previous research into decision-making in host-selection process. 
 73 
Chapter 5 
 
Larviposition of Acyrthosiphon pisum on two near-
isogenic lines of Medicago truncatula 
 
 
Introduction 
 
Although host-plant utilisation by a majority of aphids is specialised to some degree, 
little is known about the nature of a resistance of non-host plants to aphids (Goggin, 
2007). It has been attributed to a lack of chemical stimulants or presence of chemical 
deterrents within non-host plants, or interplay between stimulants and deterrents within 
non-hosts (Fraenkel, 1958; Chew and Renwick, 1995). It has also been found that some 
individual plants within populations of a host-plant species confer resistance to aphids, 
and there is an inter-clonal variation among aphids in performance on resistant host 
plants (Cartier et al., 1956; Reinink et al., 1989; Caillaud et al., 1995; Bournoville et al., 
2000; etc). The mechanisms governing the compatibility between particular aphid and 
plant genotypes are still not clear.    
 
Plant resistance to aphids can be antixenotic (affecting aphid’s behaviour in any stages 
of aphid-plant interaction, for instance deterring aphids from settling or feeding on 
plants) or antibiotic (decreasing fitness on plants, for instance reducing survival and 
performance, or longevity and fecundity on the plants), and plant defense mechanisms 
against aphids can be exerted at various stages of the aphid and plant interaction 
(Goggin, 2007). For instance, chemicals produced from glandular trichomes at the plant 
surface can hinder aphids from moving and settling on the plants (Lapointe et al., 1986; 
Goffreda et al., 1989). Although aphid stylet movements within plant tissues are 
considered to cause a minimal damage to plant tissues compared with chewing insects, 
aphid infestation does activate plant induced defence mechanisms which involve signal 
transduction pathways based on salicylic acid (SA), jasmonic acid (JA) and ethylene 
(ET) (Moran and Thompson, 2001; Moran et al., 2002). Stylet penetration into plant 
sieve elements invokes a sealing response which may be caused by coagulation of 
phloem proteins and callose deposition (Pegadaraju et al., 2007; Stewart et al., 2009). In 
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some combinations of plant and aphid genotypes, aphids can suppress these sealing 
mechanisms within sieve elements presumably through saliva injection which may 
manipulate Ca2+-regulated coagulation mechanisms (Tjallingii , 2006; Will et al., 2007).     
 
Phloem-based resistance of plants to aphids seems to be common in many aphid-plant 
combinations, even though the mechanisms are not clear. Monitoring aphid’s stylet 
activities on susceptible and resistant plants by using electrical penetration graph (EPG) 
techniques was widely utilised to locate the place within plants where a resistance 
mechanisms to aphids operated. For instance, a single gene (Mi gene) of tomato, 
Lycopersicon esculentum, conferred resistance to some biotypes of the potato aphid, 
Macrosiphum euphorbiae, and the resistance was characterized by reduced honeydew 
production and high mortality rate accompanied with low fecundity which seemed to be 
associated with feeding (Rossi et al., 1998; Kaloshian et al., 2000). Electrical 
penetration graphs of aphid stylet activities on susceptible and resistant tomato lines 
showed that the time taken to first phloem sieve element contact was similar between on 
susceptible and resistant tomato lines but duration of phloem ingestion by aphids was 
significantly greater on susceptible lines than on resistant lines (Kaloshian et al., 2000). 
Nasonovia ribisnigri on lettuce, Lactuca sativa (van Helden and Tjallingii, 1993), 
Phorodon humuli on hops, Humulus lupulus (Paul et al., 1996), Aphis gossypii on melon, 
Cucumis melo (Klingler et al, 1998), Acyrthosiphon condoi on Medicago truncatula 
(Klingler et al., 2005), and Acyrthosiphon pisum on Medicago truncatula (Stewart et al., 
2009) are similar examples in which aphid probing behaviour was similar on resistant or 
susceptible plant lines except that phloem ingestion was greatly reduced on resistant 
plant lines.  
 
Sustained feeding or initiation of reproduction is widely used as an indicator of host 
acceptance by insects (Schoonhoven et al., 2005). Several studies on the reproduction of 
aphids (Caillaud and Via, 2000; Powell and Hardie, 2001; Tosh et al., 2002, 2003; Del 
Campo et al., 2003) suggested that host-plant recognition and acceptance by aphids may 
occur before phloem contact. If so, phloem-based resistance that some plants confer to 
aphids on attack should not impact on host-acceptance behaviour of those aphids. 
However, contrary to long-term (5 days or longer) reproduction of aphids which has 
been investigated in many studies, host acceptance by aphids on (phloem-based) 
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resistant plants has not been studied so far.       
 
In this research, host-acceptance behaviour of the pea aphid, Acyrthosiphon pisum on a 
susceptible and (phloem-based) resistant Medicago truncatula was investigated to 
examine the hypothesis that aphid host acceptance is independent of phloem contact. It 
is hypothesised that parturition and probing behaviour (prior to first parturition) of 
Acyrthosiphon pisum will be similar on either susceptible or (phloem-based) resistant 
plant lines.           
 
Materials and Methods 
 
Insects    
Two green clones, PS01 and N116, of the pea aphid, Acyrthosiphon pisum were utilised 
in this study (kindly provided by Dr. Glen Powell at Imperial College London). Clone 
PS01 is originally collected from bean, Vicia fabae and Clone N116 from alfalfa, 
Medicago sativa. Both clones were maintained on tic bean, a variety of Vicia fabae, in 
the laboratory. For more details on aphid culturing, refer to aphid culturing in Chapter 2.  
 
Plants 
Two near-isogenic lines (NIL), Q174_5.13 and Q174_9.10, of Medicago truncatula 
utilised in this study were developed by Dr. Sophie Stewart (and kindly provided by Dr. 
Glen Powell at Imperial College London). The full details on how to develop those 
NILs are described in Stewart (2010). Q174_5.13 and Q174_9.10 are expected to be 
suspectible and resistant, respectively, to clone PS01. Both NIL are expected to be 
susceptible to clone N116.  
 
Medicago truncatula seeds were scarified with sandpaper, soaked in a distilled water for 
2- 3 hours, and were germinated on a wet filter paper within a Petri-dish (size 90 mm) 
under dark conditions in a culture room (at 17±1℃). Germinated seeds were 
individually transferred in compost in 7-cm white plastic cups and were grown in the 
glasshouse (temperature 17-35℃, with supplementary lighting to provide a minimum 
day length of 16 h). Seedlings were used at 2 to 3 weeks old with at least two fully 
expanded trifoliate leaves. 
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Determination of pre-reproductive time of aphids after final moult 
In order to obtain reproductively mature aphids of a similar physiological stage, pre-
reproductive time after final moult was determined. One adult apterous aphid was 
placed on each of six tic bean seedlings in a 9-cm pot, and allowed to reproduce for 3 h. 
An adult aphid and all nymphs produced on each seedling during the time, except one 
individual, were removed, and remaining nymphs were reared in long-day conditions 
(L : D 16 :8 h) at 15±1℃. Aphids were checked every 2 days until they became 4th 
instars, and since then checked everyday and until they became adults and initiated 
reproduction.   
 
Host-plant acceptance of the clone PS01 and N116 on Q174_5.13, 
Q174_9.10, barley and tic bean 
Host-plant acceptance by the clone PS01 and N116 was investigated on two near-
isogenic lines of Medicago truncatula, Q174_5.13 and Q174_9.10. Barley, Hordeum 
vulgare, and tic bean, Vicia fabae were used as a negative and a positive control, 
respectively, as barley is a non-host and bean is known as a universal host of pea aphid, 
Acyrthosiphon pisum (Ferrari et al., 2006).  
 
Each adult apterous aphid (approximately 30-33 h old after final moult) was placed on a 
fully expanded trifoliate leaf of Q174_5.13 and Q174_9.10, and the stem bottom of 
barley seedling (two-leaf stage) in a white plastic cup, which was covered with a 
perforated plastic bag. Aphids were individually placed on bean seedlings covered with 
glass vials in a 9-cm pot. Twenty replicates for each treatment were maintained in a CT 
room (L : D 16 : 8h, at 17±1℃, RH=50%). Aphids were checked at 2, 4, 6, 12, 24, 48, 
72, 96 h from the start of the experiment, and their status (on or off the plants and alive 
or dead), and the number of nymphs were recorded.  
 
Electrical Penetration Graph (EPG) coupled with simultaneous 
behavioural monitoring  
Electrical penetration graphs were recorded from the PS01 and N116 clones on 
Q174_5.13 and Q174_9.10, and aphid behaviour on plants was simultaneously 
monitored by direct observation. For basic principles and experimental procedure of 
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EPG recording, refer to Chapter 2. 
 
By observing the movement of the abdomen and especially cauda, it is possible to 
recognise an aphid whose parturition is imminent. When aphids get close to parturition, 
their abdomens move upward at regular intervals, and especially the tips of the cauda 
move from horizontal to the plant to point at perpendicularly upward. The relatively 
large size of adult pea aphids allowed for direct observation. At the beginning of the 
experiment, the abdomen and cauda of aphids were regularly checked and if 
larviposition was imminent, the aphids were monitored until larviposition was initiated. 
When first parturition began (this was recognised by observing that the body of nymphs 
started to come out from below the cauda of the adult aphid), the time was recorded, and 
the aphids were removed from the plants. Electrical Penetration Graphs recorded until 
first parturition were analysed using PROBE 3.4 software (W. F. Tjallingii, Wageningen 
University, The Netherlands).  
 
Data analysis 
 
Statistical analyses were performed in R (version 2.6.1 for Windows). Generalised 
mixed models with binomial distribution were used to analyse percentage of aphids. 
Parametric models with Weibull distribution were utilised to analyse percent survival of 
adults. Generalised mixed models with binomial distribution were used for percent 
survival of nymphs. Generalised mixed models with Poisson distribution were used to 
analyse the cumulative number of nymphs produced on plants. t-Tests were applied to 
analyse EPG patterns or time taken to first parturition. Data were transformed prior to 
the t-test to satisfy normality and equal variance assumption.   
 
Results 
 
Determination of pre-reproductive period of aphids after the final 
moult 
 
The clone PS01 and N116 on tic bean, Vicia fabae, required 38.2±3.0 h and 46.9±2.8 h 
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(mean±s.e.), respectively, to initiate reproduction from final moult (n=23 for each aphid 
clone) (Fig. 5.1). Based on this result, aphids were collected approximately 30-33 h 
after final moult and held over damp sand at 17±1℃ and used after 48 - 51 h. 
 
 
Fig. 5.1 Time (h±s.e.) taken for the clones of Acyrthosiphon pisum to initiate reproduction on tic 
bean, Vicia fabae from final moult: n=23 for each group. 
 
Host-plant acceptance of the clone PS01 and N116 on Q174_5.13, 
Q174_9.10, barley and tic bean 
 
The clone PS01 rejected barley, non-host, relatively quickly, with 60% and 80% of 
aphids leaving barley in 6 and 24 h, respectively. On the other hand, 70% of aphids 
stayed on tic bean seedlings over 96-h experimental period. Half of aphids left 
Q174_5.13 from 6 h to 48 h, and less than 10% remained the plants at 96 h. Most of 
aphids stayed on Q174_9.10 until 24 h, but after that, the number of aphids leaving 
plants increased to 75% and 90% at 72 and 96 h, respectively (Fig. 5.2a). In the case of 
the clone N116, all aphids rejected barley in 48 h, but 65-75% of aphids stayed on bean, 
Q174_5.13, and Q174_9.10 over the 96-h experimental period (Fig. 5.2b). 
 
Almost all aphids (95%) of the clone PS01 survived on bean over 96 h, whereas 80-
100% of aphids on barley died in 48 and 96 h, respectively. On both Q174_5.13 and 
Q174_9.10, only 10% of aphids survived 96-h experiment period, even though there 
was a variation (which was not significantly different) in percent survival of aphids on 
the two plants at 24 and 48 h (Fig. 5.3a). Survival of aphids of the clone N116 on barely 
decreased rapidly and all died in 48 h, but more than 80% of aphids survived on bean, 
Q174_5.13 and Q174_9.10 over 96 h (Fig. 5.3b). 
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The clone PS01 produced a similar number of nymphs on bean, Q174_5.13 and 
Q174_9.10 for the first 12 h. After that, however, rates of an increase in the number of 
nymphs on Q174_5.13 and Q174_9.10 gradually decreased, and after 48 h, the number 
of nymphs remained at similar levels, even though there was a tendency to decrease on 
Q174_5.13. On the other hand, the number of nymphs on bean continuously increased 
over 96 h (Fig. 5.4a). The number of nymphs of the clone N116 continuously increased 
on all of the plants tested, except for barley where few nymphs were produced and all 
died in 48 h (Fig. 5.4b). When survival of nymphs of the clone PS01 on Q174_5.13 and 
Q174_9.10 over 96 h was considered, 90% of nymphs survived on Q174_9.10, but only 
about 40% of nymphs survived on Q174_5.13 (Fig. 5.5). Survival of nymphs of the 
clone N116 on the two near isogenic lines was not considered as the number of nymphs 
kept increasing during the experimental period (F.5.4b) 
 
Parturition and probing behaviour of the clone PS01 and N116 on 
Q174_5.13 and Q174_9.10 
 
The time taken to first parturition from being placed on Q174_5.13 and Q174_9.10 was 
not significantly different between the clone PS01 and N116. It took 21.8±1.8 min and 
20.2±1.4 min (mean±s.e., n=20 for each) for the clone PS01 to initiate first larviposition 
on Q174_5.13 and Q174_9.10, respectively, and the clone N116 required 16.5±1.7 min 
and 17.7±1.6 min (mean±s.e., n=19 for each) for the first parturition on Q174_5.13 and 
Q174_9.10, respectively, (Fig. 5.6). 
 
Prior to parturition, 95% of the clone PS01 showed only pathway activities (recognised 
by EPG C pattern) including brief intracellular punctures (recognised by EPG pd 
pattern), and 5% of aphids showed phloem salivation (recognised by EPG E1 pattern) as 
well as pathway activities. Phloem ingestion (EPG E2 pattern) and xylem ingestion 
(EPG G pattern) were not observed in any aphid (Table 5.1). The clone N116 showed 
pathway activities only, and no xylem ingestion, phloem salivation, and phloem 
ingestion were observed in any aphid (Table 5.2). In the case of the clone PS01, there 
was no significant difference in duration of probing (pathway activities) and staying 
without probing between aphids on Q174_5.13 and Q174_9.10 (Fig. 5.7a). The clone 
N116 spent more time in staying without probing on Q174_9.10 than on Q174_5.13, but 
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the time spent in pathway activities was not significantly different between the two (Fig. 
5.7b).  
 
 
a) PS01 
 
 
b) N116 
 
 
Fig. 5.2 Percentage of the clones of Acyrthosiphon pisum (n=20 for each group) which rejected 
plants (Q174_5.13, Q174_9.10, barley and bean) over the experimental period (96-h). X values 
of the points represent 0, 2, 4, 6, 12, 24, 48, 72, 96-h from the left: a) the clone PS01. There is a 
significantly difference between Q174_5.13 and Q174_9.10 at 12, 24-h (p<0.05) and no 
significant difference between the two at the other time points; b) the clone N116. There is no 
significant difference between Q174_5.13 and Q174_9.10 at all time points.   
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a) The clone PS01  
 
 
 
b) The clone N116 
 
 
Fig. 5.3 Percent survival of of the clones of Acyrthosiphon pisum on the plants (Q174_5.13, 
Q174_9.10, barley and bean) over the experimental period (96-h): X values of points represent 
12, 24, 48, 72, 96-h from the left; n=20 for each group; There is no significant difference 
between Q174_5.13 and Q174_9.10 at all time points.  
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a) The clone PS01                       b) The clone N116 
 
Fig. 5.4 Cumulative number of nymphs of the clones of Acyrthosiphon pisum produced on 
plants (Q174_5.13, Q174_9.10, barley and bean) over the experimental period (96-h) : n=20 for 
each group; there is no significant difference between Q174_5.13 and Q174_9.10 at all time 
points in both a) and b).  
 
 
 
Fig. 5.5 Percent survival of nymphs of the clone PS01 on two near-isogenic lines of Medicago 
truncatula; N=16 and N=14 for aphids on Q174_5.13 and Q174_9.10, respectively; Error bars 
represent standard errors of means (s.e.). 
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Fig. 5.6 Time (min±s.e.) taken for the clone PS01 and N116 to first parturition from being 
placed on either Q174_5.13 or Q174_9.10: ns represents non-significant difference between 
groups; n=20 and n=19 for the clone PS01 and N116 on the two near-isogenic lines, respectively. 
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Table 5.1 The EPG waveforms displayed by individuals of the clone PS01 before first 
parturition (n=20 for each group). NP: non penetration; PA: pathway activity; G: xylem 
ingestion; E1: phloem salivation; E2: phloem ingestion. Numbers assigned to individuals does 
not reflect experimental sampling order. 
 
 
 
 
                
    
PS01 / Q174_5.13 
        
PS01 / Q174_9.10 
    
Individual NP PA G E1 E2 individual NP PA G E1 E2 
1 * *     1 * *    
2 * *     2 * *    
3 * *     3 * *    
4 * *     4 * *    
5 * *     5 * *    
6 * *     6 * *    
7 * *     7 * *    
8 * *     8 * *    
9 * *     9 * *    
10 * *     10 * *    
11 * *     11 * *    
12 * *     12 * *    
13 * *     13 * *    
14 * *     14 * *    
15 * *     15 * *    
16 * *     16 * *    
17 * *     17 * *    
18 * *     18 * *    
19 * *     19 * *    
20 * *       20 * *   *   
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Table 5.2 The EPG waveforms displayed by individuals of the clone N116 before first 
parturition (n=19 for each group). NP: non penetration; PA: pathway activity; G: xylem 
ingestion; E1: phloem salivation; E2: phloem ingestion. Numbers assigned to individuals does 
not reflect experimental sampling order. 
 
 
 
 
                
    
N116 / Q174_5.13 
        
N116 / Q174_9.10 
    
Individual NP PA G E1 E2 individual NP PA G E1 E2 
1 * *     1 * *    
2 * *     2 * *    
3 * *     3 * *    
4 * *     4 * *    
5 * *     5 * *    
6 * *     6 * *    
7 * *     7 * *    
8 * *     8 * *    
9 * *     9 * *    
10 * *     10 * *    
11 * *     11 * *    
12 * *     12 * *    
13 * *     13 * *    
14 * *     14 * *    
15 * *     15 * *    
16 * *     16 * *    
17 * *     17 * *    
18 * *     18 * *    
19 * *     19 * *    
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a) The clone PS01                      
 
 
 
b) The clone N116 
 
 
Fig. 5.7 Time (min±s.e.) spent by aphids in doing probing activities before first parturition: 
n=20 and n=19 for the clone PS01 and N116, respectively; ns represents non-significant 
difference between groups and * indicates p<0.05; C: pathway activities; NP: non penetration. 
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Discussion 
 
It was assumed that Q174_5.13 was resistant to the clone PS01 but was susceptible to 
the clone N116, and Q174_9.10 was susceptible to both of PS01 and N116 (Stewart, 
2010). As expected, both near-isogenic lines, Q174_5.13 and Q174_9.10 were 
susceptible to the clone N116. However, unexpectedly, both of two near-isogenic lines, 
Q174_5.13 and Q174_9.10 showed resistance to the clone PS01. Most of the clone 
PS01 adults rejected both near-isogenic lines and couldn’t survive over 96 h (Fig.5.2, 
5.3). The reasons why the susceptible line Q174_9.10 obtained resistance are not clear. 
It could be attributed to different germinating and growing conditions. In this research, 
Medicago seeds were germinated in a room temperature (17±1 °C), while Stewart et al. 
(2009) used a low temperature (4 °C) for germinating seeds. The low temperature 
germination method was originally developed to synchronise radical growth before 
transfer to soil (Klingler et al., 2005). However, the room temperature germination 
method was also utilised to investigate the resistance of Jester and A17 (Gao et al., 
2008), which are the same genotypes of Medicago truncatula to ones used in Klingler et 
al (2005) and Stewart et al. (2009). Some research has reported that temperature can 
affect resistance of alfalfa, Medicago sativa to pea aphid, but the low temperature seems 
to remove resistance from plants rather than the other way round. Fluctuating 
temperatures (17-35°C) in a glasshouse also could generate heterogeneous micro-
environment which may affect the expression of resistant traits within plants. Although 
all Q174_5.13 individuals are supposed to be genetically identical (as a plant line), there 
was a variation among Q174_5.13 individuals in a degree of resistance to nymphs of the 
clone PS01 as all nymphs died on some individuals within 72 h, while most of nymphs 
survived on other individuals. In Stewart (2010), the measure of resistance was made on 
2 day old nymphs, not on adults.        
 
However, nymphs of the clone PS01 seem to perform better on Q174_9.10 than on 
Q174_5.13. Percent survival of the clone PS01 nymphs clearly showed that half of 
nymphs could not survive on Q174_5.13, while most of nymphs survived on Q174_9.10 
(Fig.5.5). Cumulative number of nymphs produced over 96 h was similar on Q174_5.13 
and Q174_9.10, and seems to reflect resistance of both NIL lines to nymphs as the 
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graphs approach horizontal asymptotes rather than keep increasing like the graph 
representing aphids on beans (Fig.5.4). However, two factors (adult survival and nymph 
survival) are involved in there, making it complicated to interpret the result. In Fig.5.5, 
nymph survival was separated from adult survival by monitoring survival of nymphs 
after adults died. Most of adults died at 48 h or 72 h, so nymphs in the beginning of 
monitoring are 0-72 h old. Approximately 40% of PS01 nymphs survived on Q174_5.13 
over 96 h, while about 90% of nymphs survived on Q174_9.10. This result seems 
consistent with Stewart et al. (2009), in which 48-h old nymphs were individually 
placed on Jemalong A17 and DZA 315, two parent lines of Q174_5.13 and Q174_9.10, 
and monitored for 96 h. All PS01 nymphs died within 72 h on Jemalong A17, while 
most of nymphs (80%) survived on DZA 315.              
 
Acyrthosiphon pisum is one of the representative model species for research on 
sympatric speciation, and it is well known that host races exist among populations, 
utilising different plant species as host plants. For instance, in USA, A. pisum clones are 
specialised on either red clover (Trifolium pratense) or alfalfa (M. sativa), and fecundity 
of aphids on not-used-to host plants, such as the case of red clover clones placed on 
alfalfa, is greatly reduced (Via, 1999; Via et al., 2000). Detailed monitoring of host 
acceptance behaviour of A. pisum clones on the two plants showed that aphids rejected 
and left the plant, or remained and reproduced on the plant within 30 min of the plant 
contact, which indicated that plant attributes near the surface may be involved in host 
acceptance by those aphid species (Caillaud and Via, 2000). It was found that chemical 
stimulants were required to invoke reproduction of A. pisum clones on their host plants 
(Del Campo et al., 2003).  
 
In the present research, the clone N116 was collected from alfalfa and the PS01 from 
bean. Then, the clone N116 may be specialised on alfalfa, so may accept Medicago 
truncatula (Q174_5.13 and Q174_9.10 in this research) as it is a close relative to alfalfa, 
M. sativa. As expected, the clone N116 accepted both plants. On the other hand, bean is 
known as a universal host for the pea aphid, so it is not possible to determine which 
plant the clone PS01 are adapted to. However, a few PS01 adults moved off Q174_5.13 
or Q174_9.10 for the first 6 h (Fig. 5.4a) and all aphids reproduced on both plants, 
which indicates that chemical stimulants for reproduction are present within both plants 
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and should be detected by aphids sometime during the first 6 h. Also, most aphids of the 
clone PS01 rejected both plants after all over 96 h, so it can be inferred that aphids 
encountered difficulty in staying on the plants sometime during probing. Electrical 
penetration graphs of the clone PS01 adults on Q174_5.13 and Q174_9.10 were carried 
out by Stewart (2010). She showed that first phloem contact (recognized by EPG pattern 
E1) occurred between 2-6 h of the plant contact on both Q174_5.13 and Q174_9.10 
(286.5±41.8 min and 136.9 ±36.0 min (mean±s.e.), respectively), so it is likely that the 
difficulty aphid encountered may be associated with phloem considering that 
reproduction stimulants may be located outside the phloem near surface.  
 
It is interesting to note that the clone PS01 moved off Q174_9.10 relatively slowly 
compared with Q174_5.13 (see a significant difference at 12 h and 24 h in Fig. 5.4a). 
PS01 nymphs also survived better on Q174_9.10 than on Q174.5.13 (Fig. 5.5). 
Q174_9.10 and Q174_5.13 were considered to be susceptible and resistant to the clone 
PS01, respectively. Phloem ingestion (recognized by EPG pattern E2) of the clone PS01 
on Q174_5.13 was greatly reduced, while E2 did occur on Q174_9.10 (Electrical 
penetration graphs in Stewart’s PhD thesis, 2010), so it is likely that phloem feeding is 
associated with differences shown between Q174_9.10 and Q174_5.13. However, it is 
still not clear why Q174_9.10 was resistant to the PS01 adults but susceptible to their 
nymphs.  
 
Apart from the discussion above concerning resistance of Q174_5.13 and Q174_9.10 to 
the clone PS01 and N116, it is evident that the initiation of parturition does not require 
phloem contact in either PS01 or N116 clones. The time taken by both clones to first 
parturition from the placement of the plants was <30 min and it is unlikely that phloem 
contact by aphids occurred during that time as overall 2-6h was required to first phloem 
contact (Stewart, 2010). In EPG recordings up to first parturition, only one aphid 
amongst all aphid-plant combinations (the PS01 on Q174_9.10), contacted the phloem 
before first parturition (Table 5.1, 5.2).      
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Chapter 6 
 
Chemical ecology of host acceptance of Rhopalosiphum 
padi     
 
Introduction 
 
As with other insects, most aphids are highly specialised in host-plant utilisation. It is 
estimated that 85% of aphids utilise one particular plant as a host (Eastop, 1973). 
However, great flexibilities in host-plant range are also observed in some aphid species. 
For instance, Myzus persicae utilises over 400 plant species in more than 40 families 
(Weber, 1985).   
 
Little is known of chemical nature of aphid host selection. Over the past decades of 
debate on the chemical nature of host selection by phytophagous insects, it has been 
generally agreed that host recognition by insects relies on the plant secondary 
compounds (Schoonhoven et al., 2005). The detailed mechanisms can be categorised. In 
some cases, probably in the case of insects specialised on a few plant species, feeding or 
reproduction stimulants are required to invoke host acceptance. For instance, the 
glucosinolate sinigrin, characteristic of Brassicae plants, was required to stimulate 
settling and feeding by Brevicoryne brassicae specialising on those plants (Wensler, 
1962; Nault, 1972). In other cases, probably in the case of polyphagous insects, 
deterrents determine an availability of plants as a host. For instance, phlorizin served as 
a feeding deterrent to Myzus persicae and Amphorophora agathonica (Montgomery and 
Arn, 1974). It has also reported that both stimulants and deterrents co-exist within plants 
and the balance between the two determines the outcomes of decision making process 
of host selection: acceptance or rejection of the plants as a host (Dethier, 1982; Chew 
and Renwick, 1995; Haribal and Feeny, 2003; Tadayuki et al., 2003).  
 
Aphids have complex life cycles. It is well known that some aphids (about 10%) 
alternate their host plants seasonally. During autumn, winter, and spring, woody plants 
are usually utilised as the primary hosts on which sexual morphs (sexual females and 
males) mate, and fertilised females lay eggs to overwinter. During spring and summer, 
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aphids switch to the secondary hosts, which are usually herbaceous plants, and 
reproduce asexually (Dixon, 1977; Powell and Hardie, 2001). In some aphids, 
secondary hosts encompass broad ranges of plant species while the primary hosts are 
narrowly restricted, but generally, host-alternating aphids are specialised on both 
primary and secondary hosts (Dixon, 1987; Sandström and Pettersson, 2000). The 
seasonal shifts in host preference (between two taxonomically unrelated plant species) 
at different stages of the life cycle involve dramatic changes in the behaviour of 
individual insects (Powell and Hardie, 2001), but little is known of the mechanisms 
behind it.   
 
The bird cherry-oat aphid, Rhopalosiphum padi utilises various grasses as the secondary 
hosts during spring and summer, and migrate in autumn to the primary host, bird cherry, 
Prunus padus, spending autumn, winter and spring. The chemical ecology of migrants 
has been studied relatively well, compared with other aphid species. It is known that 
migrating morphs of this species respond (positively or negatively) to plant volatiles 
released from primary and secondary hosts. For instance, gynoparae and males were 
attracted or arrested by odour of the primary host plant, P. padus in experiments with a 
laboratory olfactometer (Pettersson, 1970). The effects of the odour have been attributed 
to benzaldehyde, one of the major volatiles emanating from P. padus (Pettersson, 1970, 
but, in Park et al., 2000, only males responded to benzaldehyde). Also, methyl salicylate, 
other volatile component of P. padus has been shown to repel spring migrants in 
laboratory experiments, and reduced initial colonization of cereals by spring migrants in 
the field (Pettersson et al., 1994).  
 
Chemical nature of host selection by R. padi is complex. During the life cycle, not only 
does host preference change but also host range between monophagy and oligo- or 
polyphagy. It has been suggested that the monophagy of this species is determined 
mainly by the preference for gynoparae to reproduce on P. padus (Sandström and 
Pettersson, 2000). In a performance experiment, spring generations seemed to be able to 
accept or tolerate wider ranges of plants than gynoparae. However, the mechanisms 
determining host acceptance by each morph of R. padi are still not clear. So far, most of 
research on host selection has focused on volatile components involved in host selection 
by migrant morphs of this species. Very little is known of roles of non-volatile 
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components within primary and secondary host plants in host selection by R. padi.  
 
In the present research, host acceptance of winged virginoparae and gynoparae of R. 
padi was investigated, particularly utilising aqueous extracts of the primary and 
secondary hosts. Acceptance of their offspring (nymphs of virginoparae and oviparae) 
was also tested. Understanding chemical nature of host acceptance behaviour by R. padi 
is necessary for further characterising and identifying host-recognition chemicals within 
primary or secondary host plants used by virginoparae or gynoparae of R. padi, which 
will be explored in the next chapter.  
 
Materials and Methods 
 
Insects and plants 
Gynoparae and winged virginoparae of Rhopalosiphum padi, and their nymphs were 
utilised in this research. Refer to Chapter 2 for the culturing techniques.  
 
Leaves of bird cherry, Prunus padus, and barley, Hordeum vulgarae, and seedlings of 
tic bean, Vicia fabae were utilised. Leaves of Prunus serotina, Prunus albium, Prunus 
laurocerasus, Prunus dulcis, Prunus virginiana, and Prunus domestica were used to 
produce aqueous extracts.  
 
Plant leaves and seedlings   
Mature bird cherry leaves were collected in September and October in 2010 and used 
within 30 min of removal from the plant. Barley was grown in the glasshouse (see 
Chapter 2) and leaves were harvested when they were 3-4 weeks old after germination 
(4-5 leaves stage) for the extract production. Bean seedlings were germinated and 
grown as described in Chapter 2.             
Leaves of Prunus laurocerasus, Prunus albium, Prunus serotina, Prunus dulcis, and 
Prunus domestica were collected from trees around Silwood Park and Sunningdale, 
Berkshire, and leaves of Prunus virginiana were collected in RHS Wisley, Woking, 
Surrey, over late August and September in 2009, and kept frozen (-20 ◦C) in a freezer 
until use. 
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Host acceptance of Rhopalosiphum padi on leaves of bird cherry and 
barley, and bean seedlings 
A leaf of bird cherry or a leaf piece of barley (approximately 50-60 mm in length, 10 
mm in width) was placed on a wet filter paper (Whatman, UK) within a Petri dish (size 
90 mm). Six seedlings of tic bean were planted in damp sand in a 9-cm pot. An 
individual of adult gynoparae or winged virginoparae of R. padi was placed on bird 
cherry leaf or barley leaf piece or bean seedling, and covered with either Petri-dish lids 
(bird cherry or barley leaves) or glass vials (for bean seedlings). After 72 h incubation in 
a incubator (L : D 16 : 8, 17 ◦C), survival of aphids (n=16 for each treatment) were 
checked and offspring produced were counted.   
 
Preparation of plant leaf extracts or extract of bean seedlings 
The plant leaf extracts were produced and used in the bioassay as in Powell and Hardie, 
2001, with some modifications. Briefly, fresh leaves collected (bird cherry or barley or 
Prunus species) were plunged into boiling water (approximately 0.5 g fresh weight of 
leaves / ml) in a 500 ml flask and sonicated for 10 min within water bath which was 
placed on warm plate (the temperature was set at 40 ◦C). The extracts were then cooled, 
pressed through fine muslin, and filtered through a 0.2 µm disposable filter and stored 
frozen (- 20 ◦C) until use. The extract of bean seedlings was produced in the same way 
but seedlings (hook stage) were used after their roots were removed.  
 
Host acceptance of Rhopalosiphum padi on plant leaf extracts  
Droplets (0.3 ml) of distilled water (control) or plant extracts (barley or bird cherry or 
Prunus species) or artificial diet (originially for Myzus persicae, Table 5.2 in Douglas 
and van Emden, 2007) were sandwiched between two layers of Parafilm ‘M’ membrane 
stretched across the same side of a brass curtain ring (25 mm internal diameter), with 
the inner surface facing downwards toward the white filter paper (size 30 mm) 
(Whatman, UK) in a Petri dish (size 35 mm) (Fig. 6.1). In order to carry out bioassays, 
an individual of gynoparae or winged virginoparae was placed on the Parafilm ‘M’  
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Fig. 6.1 Artificial feeding chamber for the bioassay of the extracts (not to scale) (adapted from 
Powell and Hardie, 2001).   
 
membrane surface and confined in an area between the membrane and white filter paper 
within a Petri dish. Distilled water 0.2 ml was added to the filter paper just before use in 
order to provide a moist atmosphere, and green filter (530 nm λ max; 65 nm half band 
width) was placed on top of Petri dish to encourage aphid settling/feeding. Petri dishes 
were incubated for 72 or 96 h in a incubator (L : D 16 : 8, 17 ◦C), and the total offspring 
produced in each feeding chamber were counted. Experiments were repeated until 20 
replicates per treatment were obtained, and the same number of replicates was tested at 
each experiment. As for the winged virginoparae, bioassays were conducted twice. In 
the first bioaasay, barley or bird cherry extract, artificial diet and water were tested, and 
in the second bioassay, bean extract were added.  
 
Host acceptance of gynoparae of Rhopalosiphum padi on bird cherry 
extracts collected monthly and on extracts of various Prunus species 
Seasonal acceptability of bird cherry leaves by gynoparae of R. padi was tested by using 
extracts of monthly collected bird cherry leaves. Mature bird cherry leaves were 
collected from trees in Silwood Park, Berkshire once a month from April to September 
in 2010 (between 20th and 25th of the month, rainy days were avoided), and kept in a 
freezer (-20 ◦C) until they were utilised to produce leaf extract.  
 
Host-plant specificity of gynoparae of R. padi was tested by using extracts of plants 
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closely related with bird cherry, Prunus padus. Leaves of Prunus laurocerasus, Prunus 
albium, Prunus serotina, Prunus dulcis, and Prunus domestica were collected from 
trees around Silwood Park and Sunningdale, Berkshire, and leaves of Prunus virginiana 
were collected in RHS Wisley, Woking, Surrey, over late August and September in 2009, 
and kept frozen (-20 ◦C) in a freezer until use.  
 
Plant leaf extracts were produced and bioassays were carried out as described in the 
previous section.  
 
Survival of nymphs of gynoparae and winged virginoparae on bird 
cherry or barley leaf discs, bean seedling or the plant extracts 
Leaf discs (approximately 25mm diameter) were cut from a non-midrib area of freshly- 
excised mature bird cherry leaf, and placed between two layers of Parafilm ‘M’ 
membrane as described in the previous section. Two fresh leaf pieces of barley 
(approximately 20mm in length, 10 mm in width) were placed in the same way and 
used as an equivalent to a bird cherry leaf disc. The plant extracts were produced in the 
same way as the previous section. The artificial extract and water were also utilised 
along with the plant extracts. In order to obtain nymphs of gynoparae (oviparae), leaves 
of bird cherry collected from trees in Silwood Park, Berkshire (in late September and 
October in 2010) were placed on a wet filter paper within Petri dishes (size 90 or 140 
mm). Five or six adult gynoparae after pre-reproductive period were allowed to 
reproduce on the leaves for a day, and transferred on to new leaves within other Petri 
dishes (size 90 or 140 mm). Nymphs of winged virginoparae were collected from barley 
plants on which winged virginoparae had been induced as described in Chapter 2.  
 
In an experiment, an individual of 2-day old nymphs of gynoparae or winged 
virginoparae (n=14 or 16 for each treatment) was carefully placed on the Parafilm 
membrane surface and confined in an area between the membrane and white filter paper 
within a Petri dish, or placed on one of bean seedlings in a 9-cm pot, and survival of 
nymphs were monitored daily over 96 h incubation (L : D 16 : 8, 17 ◦C)  
 
Data analysis 
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Statistical analyses were performed in R (version 2.6.1 for Windows). Count data were 
analysed with GLM Poisson or quasi-Poisson. Adult survival after 72 h were analysed 
with Fisher’s exact tests and Bonferroni correction was applied when groups were 
compared. Survival data were analysed with a parametric model based on the Weibull 
distribution.  
 
Results 
 
Host acceptance of Rhopalosiphum padi on leaves of bird cherry and 
barley, and bean seedlings 
As expected, gynoparae (median 6 on whole bird cherry leaves) and winged 
virginoparae (median 8 on 5-6 cm section of barley leaf) produced nymphs almost 
exclusively on their host plants, bird cherry and barley leaves, respectively, during the 
experimental period. Although some individuals, particularly among winged 
virginoparae, produced nymphs on other non-host plants, overall few nymphs were 
deposited on non-hosts (Fig. 6.2). After 72 h, about 70% of gynoparae survived on bird 
cherry leaves, while about 30% and 25% of aphids survived on bean seedlings and 
barley leaves, respectively (Fig. 6.3a). All of winged virginoparae (100%) survived on 
barley and also 80% of aphids were alive on bean seedlings, but only 25% of aphids 
survived on bird cherry leaves (Fig. 6.3b).  
 
Host acceptance of Rhopalosiphum padi on plant extracts 
 
When aqueous plant extracts were offered, gynoparae produced nymphs (median =7) 
almost exclusively on bird cherry extract, which was similar to when plant leaves were 
utilised (Fig. 6.4a). Few nymphs were produced on artificial diet. On the other hand, 
winged virginoparae produced nymphs similarly on barley and bird cherry extract, and 
also on artificial diet and water (the number of nymphs produced was medians 6, 8, 9 
and 3, respectively) (Fig. 6.4b). In the second bioassay with winged virginoparae in 
which bean extract was also tested, similar number of offspring were deposited on 
barley and bird cherry extract, artificial diet and bean extract (the number o nymphs; 10, 
6, 8, and 9, respectively, at median), and greater (p<0.05) than on water (the number of 
nymphs; median =4).  
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Fig. 6.2 Offspring produced by a) gynoparae and b) winged virginoparae adults of 
Rhopalosiphum padi on Barley or bird cherry leaves, and Bean seedlings over 72 h: “Barley” 
means barley leaves, “Bird cherry” bird cherry leaves and “Bean” bean seedlings; N=16 for 
each group; in a), there is a significant difference between Bird cherry, and Barley or Bean 
(p<0.01); in b) there is a significant difference between barley and the other plants (p<0.05).   
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a) Gynoparae adults  
 
 
 
 
b) Winged virginoparae adults 
 
 
 
Fig. 6.3 Percent survival of a) gynoparae and b) winged virginoparae adults of Rhopalosiphum 
padi on bean seedlings, barley or bird cherry leaves after 72 h: n=16 for each group; different 
letters above the bars represent a significant difference (p<0.05).   
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b) Winged virginoparae (1st bioassay)               c) Winged virginoparae (2nd bioassay) 
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Fig. 6.4 Offspring produced by Rhopalosiphum padi on various extracts over 72 h: a) gynoparare 
(n=16); b) winged virginoparae (first bioassay, n=18). There is no significant difference among groups; 
c) winged virginoparae (second bioassay, n=20). There are significant differences between water and 
all other groups (p<0.05), and no significant difference among barley, bean, bird cherry, and diet. 
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There tended to be fewer nymphs on bean extract compared with other extracts, but the 
difference was not significant.  
 
Host acceptance of gynoparae of Rhopalosiphum padi on bird cherry 
extracts collected monthly, and on extracts of various Prunus species 
 
All extracts of bird cherry leaves collected from April to September in 2010 stimulated 
parturition of gynoparae of R. padi, and the number of nymphs produced over 72 h was 
similar on all extracts regardless of the month when leaves were collected (Fig. 6.5).   
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Fig. 6.5 Offspring produced by gynoparae of Rhopalosiphum padi on extracts of bird cherry 
collected monthly from April to September over 72 h (n=20 for each group).  
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When parturition stimulation of aqueous extracts from various Prunus species was 
tested, only bird cherry, Prunus padus and Prunus virginiana stimulated aphids to 
produce 4 or 5 (median) nymphs on each feeding chamber over 72 h. Few nymphs were 
deposited on other plants (Prunus serotina, Prunus dulcis, Prunus domestica, Prunus 
albium, Prunus laurocerasus) (Fig. 6.6). 
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Fig. 6.6 Offspring produced by gynoparae of Rhopalosiphum padi on extracts of various Prunus 
species over 72 h: n=20 for each group; albium means Prunus albium, domestica Prunus 
domestica, dulcis Prunus dulcis, larocera Prunus laurocerasus, padus Prunus padus, serotina 
Prunus serotina, virginiana Prunus virginiana. 
 
Survival of nymphs of gynoparae and winged virginoparae of R. padi 
on artificial feeding chambers containing bird cherry or barley leaf 
discs / aqueous extracts, and on bean seedlings  
 
Oviparae, nymphs of gynoparae, survived well on both bird cherry leaves and barley 
leaves, but did not survive well on bean seedlings (Fig. 6.7a). Approximately 70%, and 
50% of aphids survived on bird cherry and barley leaves, respectively over 96 h, but on 
bean seedlings, all died in 72 h. When plant extracts were used, most of nymphs died 
after 96 h regardless of which extract they were on. Aphids on bird cherry extract  
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a) Oviparae on plant leaves or seedling        
 
 
 
b) Oviparae on plant extracts 
 
 
 
 
Fig. 6.7 Percent survival of nymphs of gynoparae of Rhopalosiphum padi (2-day old, n=16 for 
each group) on a) leaves or seedlings and b) extracts of bird cherry, barley and bean for 96 h 
experimental period: there is a significant difference between bird cherry or barley and bean in 
a) (p<0.05); there is no significant difference between bird cherry and barley in a), or among all 
three extracts in b). 
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survived relatively better than on barley extract (p<0.05), but survival patterns of aphids 
were similar between bird cherry and bean extract, and between bean and barley extract 
(Fig.6.7b). Oviparae nymphs could be grown to adults on bird cherry leaves, barley 
leaves or artificial diet.   
 
All nymphs (100%) of winged virginoparae survived on barley leaves, while most of 
aphids on bird cherry leaves and bean seedlings died after 96 h (Fig. 6.8a). On the plant 
extracts, most of aphids did not survive 72 h regardless of which extract they were 
given. Only 6.2% of aphids were alive on bird cherry and barley extract after 72 h, but 
none of aphids was alive on bean extract (Fig. 6.8b).  
 
Approximately 80% of oviparae survived on artificial diet over 96 h, while only about 
6% of aphids were alive on water or bird cherry extract or a 1:1 mixture of bird cherry 
extract and artificial diet after 96 h (Fig.6.9a). On the other hand, nymphs of winged 
virginoparae survived well on diet or a 1:1 mixture of barley extract and artificial diet. 
Approximately 80% and 60% of aphids remained alive on the two extracts, respectively, 
over 96 h (survival patterns of aphids on the two extracts were not significantly 
different). Approximately 6% of aphids survived on barley extract, and none of aphids 
were alive on water over 96 h (Fig.6.9b).  
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a) Virginoparae on plant leaves or seedling 
 
 
 
b) Virginoparae on plant extracts  
 
 
Fig. 6.8 Percent survival of nymphs of winged virginoparae of Rhopalosiphum padi (2-day old, 
n=16 for each group) on a) leaves or seedlings and b) extracts of bird cherry, bean and barley for 
96 h experimental period.  
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a) Oviparae 
 
 
 
b) Virginoparae 
 
 
Fig. 6.9 Percent survival of nymphs of a) oviparae and b) winged virginoparae of 
Rhopalosiphum padi on plant extract, artificial diet and mixture of plant extract and artificial 
diet (1:1 solution): n=16 for each group and two-day old nymphs were used. 
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Discussion 
 
As host-alternating aphid species are known to be highly specialised on one or a few 
plant species for their overwintering host plants (the primary hosts) (Dixon, 1987), it is 
expected that taxon-specific cues are present within the primary hosts and detected by 
autumn migrants of host alternating aphids (Powell and Hardie, 2001). For instance, 
Aphis fabae almost exclusively utilises spindle, Euonymus europaeus, and it has been 
shown that reproduction by gynoparae of A. fabae was invoked by stimulants present in 
aqueous extract of spindle (Powell and Hardie, 2001). Rhopalosiphum padi is 
specialised on bird cherry, P. padus, and the results in this research indicate that 
reproduction by gynoparae of R. padi is also triggered by stimulants present within bird 
cherry leaves, and the stimulants may be water soluble non-volatile chemicals like 
stimulants for A. fabae in spindle. Aqueous extract of bird cherry leaves was as effective 
as bird cherry leaves (median 6 and 7 nymphs were produced, respectively over 96 h), 
while barley or bean, irrespective of whether leaves or extracts were offered, hardly 
stimulated reproduction.  
 
The stimulants themselves (or the composition/ratio of stimulants) seem to be 
taxonomically unique as most of plant species (aqueous extracts of them) selected from 
the same genus as P. padus didn’t trigger reproduction of gynoparae of R. padi. 
Interestingly, P. virginiana, native to North America and known as a host plant of 
gynoparae of R. padi in USA (Sandström and Petterson, 2000), did stimulate 
reproduction at a similar level to P. padus. Presumably, P. padus and P. virginiana share 
chemical stimulants utilised by R. padi. The results also showed that the stimulants 
within bird cherry leaves are effective similarly over the growing season (from April 
and September). It indicates that stimulation of reproduction by gynoparae of R. padi 
seems mediated by qualitative features of bird cherry leaves rather than quantitative 
changes in the stimulants within bird cherry leaves. The stimulants have not been 
identified and therefore it is not possible to quantify foliar concentrations of them 
temporally. The foliar concentration of stimulants could fluctuate seasonally. However, 
at least, it should stay above the lower detection limit of gynopara over the season (from 
April to September). In Powell and Hardie (2001), the response of gynoparae of A. 
fabae was not dependent on the concentration of the spindle extract but had the 
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threshold, which suggests that gynoparae of A. fabae may also not respond to stimulants 
in the concentration-dependent way. There are similar examples in other insects. For 
instance, alkaloids within the Eurasian weed Conium maculatum stimulated oviposition 
by monophagous associate Agonopterix alstroemeriana (Lepidoptera: Oecophoridae) 
but there was no correlation between alkaloid concentrations and oviposition level 
(Castells and Berenbaum, 2008).  
 
Mechanisms of host-plant recognition by winged virginoparae seem different from ones 
observed in gynoparae. In the case of A. fabae, winged virginoparae have been reported 
to be able to settle and reproduce well on spindle, their winter host in the laboratory 
(Powell and Hardie, 2000, 2001). In the case of R. padi, winged virginoparae showed a 
clear preference in reproduction for their host plant (barley leaves in this case) over non 
hosts (bird cherry leaves or bean seedling in this case) which is similar to gynoparae, 
even though some individuals did reproduce on bird cherry leaves. However, when 
aqueous extracts of plants were offered, the clear preference for barley disappeared. 
Winged virginoparae didn’t discriminate between bird cherry extract and barley extract. 
The artificial diet stimulated reproduction as well as barley extract, even though it 
contains only water and nutrients such as sucrose, amino acids, vitamins, and salts. 
Distilled water and bean extract also seemed acceptable to many individuals of winged 
virginoparae (Fig.6.3b, c). It seems that any particular secondary chemicals 
characteristic of the plant taxa, at least water-soluble internal components, are not 
necessary for triggering reproduction of winged virginoparae. Nutrients appear to 
encourage reproduction (Fig.6.3b, c), but are not likely to be sole players. Actually, the 
results indicate that host-plant recognition (initiation of reproduction) by winged 
virginoparae may be mediated mainly by deterrents rather than stimulants, and the 
deterrents or activity of the deterrents within non-hosts may be lost during the 
preparation of aqueous extracts. Chapman and Bernays (1989) have postulated that 
many of oligophagous insects may initiate feeding, without specific phagosimulants, by 
commonly occurring phagostimulants such as sugars and will continue provided these 
are not associated with deterrents. The dual discrimination theory by Kennedy (1958) 
also suggested that, while insects assess plants, host-plant identity may be recognised by 
secondary compounds specific to the plants, and host-plant quality may also be 
simultaneously determined by nutrient levels of the plants. In the case of virginoparae of 
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R. padi, it can be postulated that nutrients may play a vital role in probing/feeding, and 
presence or absence of deterrents may determine whether the activities of 
probing/feeding continue or not, which will eventually determine the decision about 
reproduction (host acceptance).   
It is not clear whether the deterrents are present on the plant surface, for instance, 
epicuticular wax, or whether the deterrents are volatile compounds. Also, it cannot be 
ruled out that reproduction of virginoparae of R. padi on barley may be accomplished 
by both the absence of deterrents and presence of stimulants which may be volatile 
compounds or chemicals on the surface.  
 
Although oviparae, offspring of gynoparae, spend all their lives on P. padus in nature, 
they seem not strictly specialised on P. padus as they accepted barley leaves or artificial 
diet as well as bird cherry leaves. Oviparae nymphs could be grown to adults on barley 
leaves or artificial diet. However, bean seedlings were rejected. Therefore, the results 
indicate that host acceptance by oviparae may be mediated by deterrents as in the case 
of adult winged virginoparae, and the primary and secondary hosts may be free of 
deterrents or contain tolerable levels of deterrents. It has been argued that winter host 
specificity of R. padi may be determined by host preference of gynoparae (Sandström 
and Petterson, 2000). Similarly, gynoparae of A. fabae are specialised on spindle, but it 
was observed that oviparae of A. fabae developed on their secondary host, Tic bean (J 
Hardie, personal communication).  
 
Offspring of winged virginoparae accepted barley leaves, and rejected bird cherry 
leaves or bean seedlings. The artificial diet and a 1:1 mixture of barley extract with the 
artificial diet supported survival of aphids, while barley extract only did not support. 
The results indicated that host acceptance by offspring of winged virginoparae may 
depend on the absence of deterrents like adult winged virginoparae. If it can be assumed 
that adult winged virginoparae have the same strategy to nymphs of winged 
virginoparae in host acceptance, the barley extract would be acceptable to nymphs of 
winged virginoparae, but did not support survival. It indicates that the barley extract 
may be nutritionally poor for nymph’s development. Addition of nutrients (the artificial 
diet) to the barley extract did support nymphs’ survival. On the other hand, gynoparae 
and oviparae appear to have different strategies in host acceptance. The bird cherry 
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extract stimulated reproduction by gynoparae but did not support oviparae’s survival. 
Addition of nutrients (the artificial diet) did not support either. It is likely that the bird 
cherry extract may possess deterrents to oviparae. There are some examples where adult 
insects which depend on the presence of particular stimulants for host recognition 
mistakenly reproduce on non hosts containing some of the particular stimulants. It has 
been found that the crucifer specialist, Pieris occidentalis lays eggs on Thlaspi arvense, 
which is lethal to the larvae, because some glucosinolates, oviposition stimulants to P. 
occidentalis are present in T. arvense (Chew, 1977; Renwick, 1989). However, P. padus 
is a host plant for oviparae of R. padi (Dixon, 1971) and they do feed on bird cherry 
(Walters et al., 1984), while gynoparae seem not to feed on bird cherry (Leather, 1982; 
Walters et al., 1984).  
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Chapter 7 
 
Bioassay-guided fractionation of bird cherry extract: 
charaterisation of parturition stimulants of gynoparae 
of Rhopalosiphum padi     
 
Introduction 
 
It is generally believed that host selection by phytophagous insects is determined to a 
large extent by presence or absence of specific chemicals in potential host plants 
(Frankael, 1958). Also, it is thought that the final decision to accept or reject a particular 
plant may be mediated by a detection of stimulants or deterrents present within the 
plants, or by the outcome of a balance between the two contradictory sensory inputs 
(Dethier, 1982; Renwick and Radke, 1987).  
 
Over the past decades, particular stimulants or deterrents in many insect-plant 
combinations have been identified. In most cases, especially in the case of stimulants, 
correlations between conspicuous secondary chemicals characteristic of the plant taxa, 
and oligophagous insects specialising on the plant taxa have been utilised. For instance, 
sinigrin, a characteristic glucosinolate present in Brassicae plants has been shown to 
stimulate settling and feeding by Brevicoryne brassicae (Wensler, 1962; Nault, 1972), 
and oviposition by the diamondback moth, Plutella xylostella. (Renwick and Radke, 
1990). There are some examples where one conspicuous chemical characteristic of the 
plant taxa determines the decision of insects, while it is also known that mixtures of 
relatively non-specific chemicals act synergistically to stimulate insects. For instance, 
oviposition by the citrus swallowtail butterfly, Papilio xuthus required two flavonoids, a 
nucleoside, two alkaloids, a cyclitol, an amino acid derivative (Nishida et al., 1987, 
Nishida, 1995). Neither of them acted alone.      
 
Rhopalosiphum padi alternates between strict monophagy specialising on one particular 
plant, Prunus padus, and oligophagy utilising various grasses (Dixon, 1971), but 
peripheral mechanisms controlling changes in host range, and chemical components 
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mediating host recognition by morphs with different host ranges is poorly understood. 
The previous chapter showed that host recognition by gynoparae of Rhopalosiphum 
padi was mediated by stimulants present within leaves of bird cherry, Prunus padus, 
and the stimulants may be non-volatile water soluble chemicals. This research aims to 
further characterise and identify the stimulants by using bioassay-guided fractionation.  
 
Materials and Methods 
 
Insects 
Gynoparae of Rhopalosiphum padi utilised in this research were reared as indicated in 
Chapter 2.   
 
Preparation of freeze-dried extracts 
Aqueous extract of bird cherry leaves was produced as chapter 6, freeze-dried in a 
freeze-drier (Thermo Savant Modulyo, Thermo Fisher Scientific) and kept in a freezer 
(-20 °C) until use. 
 
Fractionation of freeze-dried extract of bird cherry leaves 
Fractionation of the extract was carried out at Rothamsted Research, Harpenden, UK. 
High-performance liquid chromatography (HPLC) employed a Shimadzu LC-10AD 
pump and SPD-10A UV detector, set to 270 and 350 nm, with an ACE semi-preparative 
column (C-18 reversed-phase silica, 250*10 mm, 5 µm). The mobile phase used 
solvents A (0.5% HCOOH in H2O): B (MeOH) in a gradient programmed initially 95:5 
(A:B), to 50:50 at 22.5 min, 5:95 at 23.0 min, 5:95 at 35 min, 95:5 at 36 min at 4 
ml/min. For analytical HPLC, an ACE 5AQ column (250*4.6 mm, 5 µm) was employed.  
 
Freeze-dried extract of bird cherry leaves was dissolved in distilled water (in 
concentration of 4mg/ml), and injected with a syringe (0.5 ml at one fractionation and 
10-20 µl for analytical HPLC). Each fraction was collected manually with a labeled 
glass flask. Fractions containing MeOH were rotary-evaporated to remove MeOH as 
much as possible (carried out by Dr. Tony Hooper), freeze-dried, and kept in a freezer (-
20 °C) until use.       
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Bioassay  
Before fractionation by HPLC, bioassays were carried out with freeze-dried extract of 
bird cherry leaves as Chapter 6. Firstly, a known volume (15 ml) of aqueous extract of 
the leaves was prepared and freeze-dried, then re-dissolved in the same volume (15 ml) 
of distilled water. Stimulation of parturition by gynoparae of R. padi was compared 
between re-dissolved freeze-dried extract and aqueous extract in a bioassay. This 
method allowed for testing that active materials in aqueous extract were non-volatile. 
Secondly, aqueous extract of the leaves was diluted by 10, 100, 1000 and 10000 with 
distilled water, and parturition stimulation was compared in a bioassay. In the meantime, 
the amount of material in the aqueous extract of the leaves was determined by weighing 
a known volume (10 ml) of aqueous extract in a universal tube before and after freeze-
drying.  
 
Bioassays with HPLC fractions were carried out as Chapter 6. Fractions were diluted by 
10 before use, and concentrations of solutions were adjusted in order to obtain solutions 
of the same concentration.  
 
The chlorogenic acid, 3-(3,4-Dihydroxycinnamoyl) quinic acid (C16H18O9, 95% 
titration) utilised in bioassay was purchased from Sigma-Aldrich (UK).   
 
Data analysis 
 
Statistical analyses were performed in R (version 2.6.1 for Windows). GLM Poisson or 
quasi-Poisson (when data were over-dispersed) were employed to deal with count data 
from bioassays.  
 
Results  
 
Bioassay with freeze-dried extracts of bird cherry leaves 
 
Freeze-dried extract of bird cherry leaves stimulated parturition of gynoparae of R. padi 
similarly to aqueous extract of the leaves. During 72 h access, aphids produced 7 
(median) and 8 (median) nymphs on aqueous and freeze-dried extract, respectively. 
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Distilled water did not stimulate parturition, with few nymphs deposited during the 
experimental period (Fig. 7.1).  
 
The concentration of aqueous extract of bird cherry leaves was initially 43.167 mg/ml. 
When diluted solutions (x10, x100, x1000, x10000 in distilled water) of the aqueous 
extract were applied in a bioassay, parturition-stimulating activity was maintained until 
the solution was diluted by 1000 (43.167*10-3 mg/ml). The number of nymphs 
deposited on x10, x100, and x1000 solution during 72 h was similar to x1, original 
aqueous extract. Few nymphs were produced on water or x10000 (43.167*10-4 mg/ml) 
solution (Fig. 7.2).    
 
Bioassay-guided fractionation  
 
Freeze-dried extract was re-dissolved in distilled water (4 mg/ml), and then fractionated 
by HPLC into fraction 1 (elution time: 1-13.5 min), fraction 2 (elution time: 13.5-19 
min) and fraction 3 (elution time: 19-30 min) (Fig. 7.3). In a bioassay, fraction 2 
stimulated parturition of gynoparae. The number of nymphs deposited on fraction 2 was 
significantly greater than the other fractions and water control after 48 h (p<0.05), and 
was similar to aqueous solution of freeze-dried extract after 96 h. On the other hand, 
fraction 1 and fraction 3 did not induce reproduction of aphids, with few nymphs 
deposited during 48 or 96 h. A mixture of fraction 1, 2 and 3 (referred as to “combined”) 
also stimulated parturition similarly to the plant extract after 48 h, confirming that 
parturition stimulants were not affected by fractionation process (Fig. 7.4). 
 
As fraction 2 contained parturition stimulants, further fractionation was carried out in 
which fraction 2 was fractionated by HPLC into fraction 2.1 and 2.2 and 2.3 (Fig. 7.3). 
In a subsequent bioassay, few nymphs were produced on all of fraction 2.1, 2.2, and 2.3, 
while 7-8 and 8-10 nymphs were produced on a mixture of fraction 2.1, 2.2, 2.3 
(“combined”), and on the plant extract, respectively (Fig. 7.5).  
 
As fraction 2.1, 2.2, nor 2.3 stimulated parturition of gynoparae, two of three fractions 
were combined to make a mixture. In a bioassay, nymphs produced for 48 or 96 h were 
significantly greater on a mixture of fraction 2.1 and 2.2 (f2.1+f2.2), and a mixture of 
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Fig. 7.1 Offspring deposited by gynoparae of Rhopalosiphum padi (n=20 for each treatment) 
during 72 h access to aqueous or freeze-dried extract of bird cherry leaves in artificial feeding 
chambers: “extract” represents aqueous extract and “freezedried” freeze-dried extract; distilled 
water is used as a negative control; there is a significant difference between water, and extract or 
freeze-dried extract (p<0.05); no significant difference between extract and freeze-freeze-dried 
extract. 
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Fig. 7.2 Offspring deposited by gynoparae of Rhopalosiphum padi (n=20 for each treatment) 
during 72 h access to diluted aqueous extracts of bird cherry leaves in artificial feeding 
chambers: “x1” represent freeze-dried aqueous extract of bird cherry leaves, “x10”, “x100”, 
“x1000”,”x10000” represent the solution diluted by 10, 100, 1000, 10000, respectively; There is 
a significant difference (p<0.05) between a group (water, x10000) and the other group (x1,x10, 
x100, x1000), and no significant difference between members within each group.       
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 a) Channel 1 (wavelength 350 nm) 
 
 
b) Channel 2 (wavelength 270 nm) 
 
 
Fig. 7.3 High-performance liquid chromatography (HPLC) chromatograms of bird cherry leaf 
extract: two different channels were used to monitor samples at two different wavelengths a)350 
and b)270 nm; in b), “f” represents fraction; the inset shows Fraction 2 and sub-fractions (f2.1.1, 
f2.1.2, f2.1.3, f2.2, and f2.3).  
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b) 96 h 
  
 
Fig. 7.4 Offspring deposited by gynoparae of Rhopalosiphum padi (n=18 for each treatment) 
during 48 or 96 h access to fractions of bird cherry leaf extract in artificial feeding chambers: 
bird cherry leaf extract was fractionated into fraction 1 (elution time: 1-13.5 min), fraction 2 
(elution time: 13.5-19 min), and fraction 3 (elution time: 19-30 min); “combined” is a mixture 
of fraction 1, 2, and 3 (1:1:1 in volume); “freezedried” represents aqueous solution of freeze-
dried bird cherry leaf extract. Combined, f2, and freezedried are significantly different from f1 
f3, or water (p<0.05). 
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b) 96 h 
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Fig. 7.5 Offspring deposited by gynoparae of Rhopalosiphum padi (n=20 for each treatment) 
during 48 or 96 h access to fractions of aqueous extract of bird cherry leaves in artificial feeding 
chambers: Fraction 2 was fractionated into fraction 2.1 (elution time: 13.5-15 min), fraction 2.2 
(elution time: 15-17 min), and fraction 2.3 (elution time: 17-19 min); “combined” is a mixture 
of fraction 2.1, 2.2 and 2.3 (1:1:1 in volume); “freezedried” represents aqueous solution of 
freeze-dried extract of bird cherry leaves. 
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fraction 2.3 and 2.1 (f2.3+f2.1) than on a mixture of fraction 2.2 and 2.3 (f2.2+f2.3), 
and water (p<0.05), and also similar to a mixture of fraction 2.1, 2.2, 2.3 (which is 
actually the same as fraction 2) (Fig. 7.6).  
 
Even though fraction 2.1 alone did not stimulate parturition, fraction 2.1 was included 
in both of two mixtures (f2.1+f2.2 and f2.3+f2.1) invoking reproduction. Therefore, the 
biggest peak in fraction 2.1 was isolated, and further analysed by electrospray 
ionization-mass spectrometry (ESI-MS) and NMR spectrometry (carried out by Dr. 
Tony Hooper in Rothamsted). It was identified as chlorogenic acid, 3-(3,4-
Dihydroxycinnamoyl) quinic acid (Fig. 7.7), and the amount was determined by use of a 
calibration curve produced by serial dilution of a standard, which was 12.136 µg/extract 
mg.  
 
When chlorogenic acid was added to fraction 2.2 and 2.3 and applied in a bioassay, no 
stimulation effect was observed on any fraction containing chlorogenic acid after 48 h. 
Parturition was slightly stimulated on fraction 2.2 and 2.3 but not a mixture of fraction 
2.2 and 2.3 (f2.2+f2.3) after 96 h (Fig. 7.8).  
 
As chlorogenic acid did not mimic the effect of fraction 2.1, fraction 2.1 was further 
fractionated by HPLC into fraction 2.1.1, 2.1.2, and 2.1.3 (Fig. 7.3). In a bioassay (the 
first bioassay), the number of nymphs produced on a mixture of fraction 2.1.1, 2.2 and 
2.3 (f2.1.1+f2.2+f2.3) was similar to a mixture of fraction 2.1(f2.1.1+f2.1.2+f2.13), 2.2, 
2.3, and significantly greater than other mixtures and water after 48 h. A mixture of 
fraction 2.1.2, 2.2, 2.3 (f2.1.2+f2.2+f2.3), and a mixture of fraction 2.2, 2.3 (f2.2+f2.3) 
slightly stimulated parturition after 96 h, but no stimulation was observed on a mixture 
of fraction 2.1.3, 2.2, 2.3 (f2.1.3+f2.2+f2.3) (Fig. 7.9). In the second bioassay (Fig. 
7.10), however, a mixture of fraction 2.1.1, 2.2, 2.3 (f2.1.1+f2.2+f2.3) and a mixture of 
fraction 2.1.3, 2.2, 2.3 (f2.1.3+f2.2+f2.3) tended to stimulate parturition after 96 h, but 
the number of nymphs deposited on the two mixtures were not significantly different 
from that on water, and much lower than that on a mixture of fraction 2.1, 2.2, 2.3.  
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Fig. 7.6 Offspring deposited by gynoparae of Rhopalosiphum padi (n=18 for each treatment) 
during 48 or 96 h access to fractions of aqueous extract of bird cherry leaves: “a+b” means a 
mixture of a and b (1:1 in volume); “combined” is a mixture of fraction 2.1, 2.2 and 2.3 and 
used as a positive control; water is used as a negative control.  
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Fig. 7.7 The Structure of chlorogenic acid, 3-(3,4-Dihydroxycinnamoyl) quinic acid.  
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b) 96 h 
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Fig. 7.8 Offspring deposited by gynoparae of Rhopalosiphum padi (n=18 for each treatment) 
during 48 or 96 h access to “chlorogenic acid-added” fractions of aqueous extract of bird cherry 
leaves in artificial feeding chambers: “chgc” represents chlorogenic acid; “a+b” means a 
mixture of a and b; f2.1+f2.2+f2.3 is used as a positive control. 
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b) 96 h 
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Fig. 7.9 Offspring deposited by gynoparae of Rhopalosiphum padi (n=18 for each treatment) 
during 48 or 96 h access to fractions of bird cherry extract (1st bioassay) in artificial feeding 
chambers: fraction 2.1 was fractionated into fraction 2.1.1, 2.1.2 and 2.1.3; f2.1+f2.2+f2.3 was 
used as a positive control; water is used as a negative control. 
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b) 96 h 
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Fig. 7.10 Offspring deposited by gynoparae of Rhopalosiphum padi (n=19 for each treatment) 
during 48 or 96 h access to fractions of bird cherry extract (2nd bioassay) in artificial feeding 
chambers: fraction 2.1 was fractionated into fraction 2.1.1, 2.1.2 and 2.1.3; f2.1+f2.2+f2.3 was 
used as a positive control; water is used as a negative control. 
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As the results from two bioassays (the first and second bioassay) were not consistent, 
two of three fractions, fraction 2.1.1, 2.1.2, 2.1.3, were combined to make mixtures of 
two fractions. In a bioassay, no fraction stimulated parturition except for the positive 
control (a mixture of fraction 2.1, 2.2, 2.3; f2.1+f2.2+f2.3) after 48 h (Fig.7.11), but a 
mixture of fraction 2.1.1, 2.2, 2.3 (f2.1.1+f2.2+f2.3), a mixture of fraction 2.1.2.2.2,2.3 
(f2.1.2+f2.2+f2.3), and a mixture of fraction 2.2, 2.3 (f2.2+f2.3) slightly stimulated 
parturition after 96 h (p<0.05), while few nymphs were deposited on water and a 
mixture of fraction 2.1.3, 2.2, 2.3 (f2.1.3+f2.2+f2.3) (Fig. 7.11).  
 
As seemingly one peak dominated in each of fraction 2.1.1 and 2.1.3, two peaks in 
fraction 2.1.1 and 2.1.3 were isolated and analysed by analytical HPLC for further 
analysis. In fraction 2.1.1, however, at least eight different chemicals were found 
(Fig.7.12b and c). Fraction 2.1.3 also contained two large peaks accompanied by several 
minor peaks (Fig.7.13b and c; one peak was detected at channel 1, but two peaks were 
detected at channel 2). Channel 1 chromatogram was used to isolate the peak in fraction 
2.1.3, and further analysed by electrospray ionization-mass spectrometry (ESI-MS) and 
NMR spectrometry (carried out by Dr. Tony Hooper in Rothamsted Research). It was 
identified as 4-o-beta-D-glucopyranosyl-para-(Z)-coumaric acid. 
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b) 96 h 
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Fig. 7.11 Offspring deposited by gynoparae of Rhopalosiphum padi (n=18 for each treatment) 
during 48 or 96 h access to fractions of bird cherry extract in artificial feeding chambers: 
f2.1+f2.2+f2.3 was used as a positive control; water is used as a negative control.
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Fig. 7.12 Chromatograms of fraction 2.1.1: a) profiles of fraction 2; b) chromatogram (channel 
1) of fraction 2.1.1 in analytical HPLC; c) chromatogram (channel 2) of fraction 2.1.1 in 
analytical HPLC; the arrow in b) and c) shows the peak which is thought to be the same (in 
terms of elution time) as the peak in fraction 2.1.1 in a)  
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Fig. 7.13 Chromatograms of fraction 2.1.3: a) profiles of fraction 2; b) chromatogram (channel 
1) of fraction 2.1.3 in analytical HPLC; c) chromatogram (channel 2) of fraction 2.1.3 in 
analytical HPLC; the arrow in b) and c) shows the peak which is thought to be the same (in 
terms of elution time) as the peak in fraction 2.1.3 in a).  
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Discussion 
 
The result confirmed that parturition stimulants within P. padus were non-volatile and 
water soluble. Although more accurate quantification is needed, gynoparae of R. padi 
required at least 43.167*10-3 mg/ml to respond. The fractionations and bioassays 
indicated that a mixture of several chemicals (at least five) may be involved in 
stimulation of parturition. None of chemicals acted alone. Chemicals in fraction 2.2 and 
2.3 seem redundant as either 2.2 or 2.3 combined with fraction 2.1 was enough to 
stimulate parturition. The largest peak in fraction 2.1, which was identified as 
chlorogenic acid, did not compensate for fraction 2.1. It indicates that chlorogenic acid 
may be not involved in host recognition by gynoparae of R. padi, even though there are 
many examples where the chlorogenic acid is involved in host recognition by insects, 
often as a phagostimulant (eg. Roessingh et al., 1991; Tamura et al., 2004). Fraction 2.1 
consisted of three main peaks, and fractionations and bioassays showed that all sub-
fractions containing each peak may be essential for stimulating parturition (fraction 
2.1.1, 2.1.2, and 2.1.3). The two repeated bioassays (Fig.7.9, and 7.10) were not 
consistent, possibly resulting from contamination of samples. Fractionation and 
collection of fractions in this research were carried out manually, so contamination on 
the margin between two samples may occur, and if the collecting durations of samples 
are relatively short (as fractionation proceeds, fractions come from narrower ranges 
within HPLC chromatograms), then probability of contamination could increase. Also, 
it was found out that two small peaks of three main peaks in fraction 2.1 were actually 
mixtures of many other small compounds. It can be postulated that the ratio of 
chemicals may be critical, and that the possible change in concentrations during the 
process of separating and collecting the samples could affect the activity of the mixture 
of chemicals. Further elaborate bioassay-guided fractionation is necessary for 
identifying chemicals in fraction 2.1.1 and 2.1.3, but it will be a lot more difficult. It is 
because all small peaks should be clearly divided by HPLC and at the same time the 
amount of chemicals obtained from HPLC should be enough to carry out bioassay. This 
is technically difficult as resolution and quantity are negatively related in the HPLC 
technique. A long-term intensive chemical approach guided by bioassays is required.                            
 
There is very little literature on chemical components in host recognition by aphids, 
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particularly on identification of chemicals through chemical analysis. Almost all 
research reporting chemical components in host recognition by aphids applied already 
known plant taxon-specific chemicals to oligophagous aphids which specialise on 
relatively many plants within certain plant taxa (family or genus). In this case, their 
parturition can be possibly stimulated by a few dominant chemicals that many plants 
have in common. Particular chemicals were often dissolved in aqueous solutions which 
were watered on to non-host plants, or impregnated by placing the petioles of the leaves 
of the plants in the solutions. Host acceptance of those treated non-hosts was tested. For 
instance, in Wensler (1962), Brevicoryne brassicae which had been known to specialise 
on the Brassicaceae and Resedaceae, was associated with sinigrin, the mustard oil 
glycoside characteristic of the Brassicaceae. A petiole of the broad bean, Vicia fabae, 
non-host for B. brassicae was placed in a 2 % of aqueous solution of sinigrin for 2 h 
before and during the experiment. When the leaves were offered to B. brassicae, most 
of aphids stayed and reproduced, while sinigrin-untreated control leaves were rejected. 
Host acceptance of sinigrin-impregnated bean leaves by Hyaadaphis erysimi whose host 
ranges are restricted to the Brassicaceae and Resedaceae like B. brassicae was also 
tested in a similar way (Nault and Styer, 1972). The results suggested that sinigrin acts 
as a stimulant, but it cannot be ruled out that other chemicals within host plants are also 
involved in host recognition. There are some cases where host acceptance by aphids was 
tested on an aqueous extract of host plants enclosed within artificial feeding chambers. 
For instance, gynoparae of Aphis fabae were confined in artificial feeding chambers 
containing aqueous extract of spindle, Euonymus europaeus, which is the primary host 
plant for A. fabae (Powell and Hardie, 2001). Reproduction of two host races of 
Acrythosiphon pisum (the alfalfa clone and the clover clone) on the aqueous extract of 
alfalfa, Medicago sativa and clover, Trifolium pratense, was also investigated (Del 
Campo et al., 2003). In both studies, an aqueous extract of host plants stimulated 
reproduction, indicating the presence of stimulants with extracts, but stimulants have 
not been identified yet.  
 
Chemical stimulation of oviposition by lepidopterans has been studied relatively well, 
and may give an insight into chemical features of host recognition by insects including 
aphids. In lepidoptarans, reproduction and feeding are separate events and chemicals on 
the plant surface may be critical. In aphids, reproduction and feeding also appear to be 
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separate events as aphids initiate reproduction before phloem contact (Tosh et al., 2002; 
Powell et al., 2006). Some butterflies such as Pieris species and the buckeye butterfly, 
Junonia coenia have been reported to respond to one of several compounds (Renwick, 
1989). For instance, aucubin and catalpol, iridoid glycosides typical of a host plant, 
Plantago lanceolata invoked oviposition by females of Junonia coenia (Pereyra and 
bowers, 1988). On the other hand, complex synergistic interactions of an array of 
related and unrelated compounds also exist (Renwick and Chew, 1994). For instance, it 
has been reported that L-(–)-stachydrine, D-(–)-quinic acid, (–)-synephrine, L-(–)-
proline, hesperidin and naringin are involved in host recognition by Papilio protenor.  
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Chapter 8 
 
General Discussion 
 
Despite decades of extensive studies on host selection by aphids, little is known of 
chemical components involved. The roles of volatile compounds emanating from host 
and non-host plants on aphid host location have been studied relatively well (Isaacs et 
al., 1993; Nottingham and Hardie, 1993; Visser et al., 1996; Park and Hardie, 2002, 
2004; Webster et al., 2008), but the chemical feature of host acceptance, the final stage 
of host selection is still poorly understood. As aphids are phloem feeders, it had been 
generally agreed that host selection occurs after phloem contact (Klingauf, 1987; 
Blackman, 1990). However, recent studies on reproduction of several aphid species 
(Caillaud and Via, 2000; Powell and Hardie, 2001; Tosh et al., 2002, 2003; Del Campo 
et al., 2003) suggested that host recognition by aphids may occur before phloem contact 
and is independent of feeding. It has been indicated that host recognition cues are 
located in the peripheral tissue outside the phloem. The present research also 
hypothesised that bird cherry-oat aphid, Rhopalosiphum padi would initiate 
larviposition before phloem contact, and that host recognition cues may be located in 
the peripheral tissue within leaves of host plants, barley, Hordeum vulgarae or bird 
cherry, Prunus padus.   
 
Some aphids (10%) alternate hosts seasonally between two taxonomically unrelated 
plant species, but there are very few studies on host acceptance for reproduction by 
different morphs of host-alternating aphids on primary and secondary hosts. In Tosh et 
al. (2002), phloem contact was not necessary for Aphis fabae, irrespective of the morph, 
to initiate parturition on their host plants. Many individuals (45-70%) initiated 
larviposition before phloem contact. In the present research, all gynoparae (on bird 
cherry, P. padus) and 55% of winged virginoparae (on barley, H. vulgare) of R. padi 
initiated larviposition before phloem contact (Chapter 3). Thus, phloem contact does not 
appear to be a pre-requisite for these winged morphs to initiate reproduction, which is 
consistent with the results in Tosh et al. (2002). However, 90% of wingless virginoparae 
(on barley) contacted the phloem before the first larviposition. The present research 
utilised an initiation of reproduction as an indicator of host acceptance, but it is likely 
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that an initiation of reproduction is the consequence of the decision about host 
acceptance, rather than the decision itself. Understanding the decision-making process 
in more detail and developing another indicator which reflects an initial stage of 
decision-making will allow determination if phloem contact is essential for host 
acceptance by wingless virginoparae of R. padi.  
 
Phloem-based resistance of plants to aphids has been known in a number of aphid-plant 
combinations (van Helden and Tjallingii, 1993; Paul et al., 1996; Klingler et al, 1998; 
Rossi et al., 1998; Kaloshian et al., 2000; Klingler et al., 2005), but very few studies 
have investigated host acceptance by aphids on plants which show phloem-based 
resistance. According to the hypothesis, phloem-based resistance will not impact on 
aphid host acceptance for reproduction as phloem contact is not necessary for 
parturition. The results (Chapter 5) indicated that host acceptance by Acyrthosiphon 
pisum clones is not affected by phloem-based resistance, which supported the 
hypothesis. It is well known that host races of A. pisum have different preferences in 
host plants, and it is also thought that those different host preferences may be the basis 
of assortative mating and speciation (Via, 1999; Via et al., 2000). It has also been found 
that host acceptance by host races of A. pisum relies on stimulants present within host 
plants (Del Campo et al., 2003). However, it has also been reported that there is a 
genetic variation in host preference within host-plant associated populations of A. pisum 
(Ferrari et al., 2006). Considering that there are cases where resistance of plants to A. 
pisum is phloem-based, it would be interesting to investigate the interplay between 
parturition stimulants and phloem-based resistance on host preference and acceptance 
by A. pisum host races. The present research (Chapter 5) utilised resistance of Medicago 
truncatula to the bean clone of A. pisum, but bean is known as a universal host for A. 
pisum (Ferrari et al., 2006), so it was not possible to determine whether the bean clone 
had been specialised on bean at the time of collection, or temporary visitors that would 
subsequently disperse to other host plants. 
 
Studies on host acceptance by several aphids have suggested that an initiation of 
reproduction may be triggered by host recognition cues located in the peripheral tissue 
of host plants (Powell and Hardie, 2001; Tosh et al., 2002; Chapter 3, 5). Studies 
(Chapter 6; Powell and Hardie, 2001) also indicated that there may be more than one 
 134 
way of accomplishing host recognition. For instance, winged virginoparae of R. padi 
did not discriminate aqueous barley (H. vulgarae) extract from bird cherry (P. padus) 
extract or the artificial diet, and produced nymphs equally well, suggesting that host 
recognition by this morph is not dependent on stimulants. The possible roles of 
deterrents on host recognition by winged virginoparae of R. padi have been postulated 
(Chapter 6). Considering that the damage of crop plants are mainly caused by winged 
virginoparae, understanding host recognition mechanisms by this morph would allow 
development of novel approaches to protect crop plants from this aphid species. It has 
also been reported that few nymphs were produced by virginoparae of Aphis fabae on 
water, aqueous extract of bean, Vicia faba or spindle, Euonymus europaeus (Powell and 
Hardie, 2001), indicating that host recognition mechanisms of this morph are different 
from ones of virginoparae of R. padi. It cannot be ruled out that stimulants used by 
virginoparae of A. fabae may be present within bean but not extractable in an aqueous 
solution. On the other hand, gynoparae of R. padi and A. fabae appeared to rely on 
stimulants as aphids responded to aqueous extract of their host plants only (Chapter 6, 
7; Powell and Hardie, 2001).   
 
The observations of aphid parturition behaviour in several studies have indicated that 
host recognition cues utilised by aphids may be located in the peripheral tissue within 
host plants (Tosh et al., 2002; Chapter 3, 5), but direct evidence for it is lacking. The 
spatial distribution of host recognition cues within host plants needs to be determined 
even though it is technically difficult (Schoonhoven et al., 2005). However, recent 
technical advances such as mass spectrometric imaging (eg. Shroff et al., 2008), laser 
capture micro-dissection and metabolomic profiling (eg. Hölscher and Schneider, 2008) 
will provide new opportunities to explore this research area.   
 
Also, little is known of mechanisms by which host recognition cues are recognised by 
chemosensory organs of aphids. Oviposition stimulant(s)-binding protein has been 
found in the swallowtail butterfly, Atrophaneura alcinous by using 
immunohistochemical localization and electrophysiological methods (Tsuchihara et al., 
2009). The electrophsiological approaches are not possible for aphids as their gustatory 
organs are located inside the mouthpart (Wensler and Filshie, 1969), but recent 
advances in molecular biology, especially approaches based on genome sequence of A. 
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pisum (Godfray, 2010), will give an insight into the chemosensory and molecular 
mechanisms of host recognition by aphids. Possible olfactory and gustatory receptors of 
A. pisum have been annotated by using bioinformatical techniques (Smadja et al., 2009).  
 
Bioassay-guided HPLC fractionation in the present research narrowed down the range 
within which host recognition chemicals may be contained. The results suggested that at 
least five different chemicals may be involved in host recognition by gynoparae of R. 
padi (Chapter 7). Future research will need to identify and quantify the chemicals 
within bird cherry leaves. The implications for it will be plenty. First, it will give a 
better understanding of the chemical feature of host-plant selection by aphids, especially, 
in the case of host-alternating species. The bioassay-guided identification of host 
recognition chemicals utilised by aphids has not been reported so far. Second, it has 
been reported that there is an intraspecific variation within populations of bird cherry in 
the field in the number of R. padi gynoparae settling in autumn, and the variation 
seeemed to be genetically controlled (Leather, 1986). Quantification of the host 
recognition chemicals within individual trees and the investigation of a variation in 
quantity of the chemicals within a population in the field will allow testing whether the 
observed intraspecific variation in host-plant use by gynoparae of R. padi is associated 
with a variation in the amount of host recognition chemicals present in idividual trees. 
Also, it is possible to test whether seasonal alternation of R. padi is associated with a 
change in concentrations of each chemical or relative composition of chemicals.  
 
Future research can further investigate host selection by virginoparae of R. padi. The 
present research (Chapter 6) suggested that host recognition by virginoparae of R. padi 
may be mediated by deterrents which can be located within plant tissue or on the plant 
surface. It has been reported that the epicuticular wax of non-host, oat (Avena sativa) 
deterred the settlement of Aphis fabae (Powell et al., 1999). The characterisation of the 
chemicals involved in host acceptance by generalist morph of R. padi is essential in 
order to better understand the mechanisms behind the seasonal change in host 
preferences for R. padi.  
 
Identification of chemosensory receptor(s) of R. padi which interacts with host 
recognition chemicals in a cellular level and the elucidation of seasonal changes in the 
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expression of receptors also need to be done in order to fully understand host acceptance 
by R. padi. Considering that virginoparae of R. padi do not require particular stimulants 
for accepting plants as a host, which makes it hard to develop resistant crop varieties 
against R. padi, manipulation of R. padi itself can be another alternative way to disturb 
their host selection. The availability of the genome sequence and genetic engineering 
techniques will allow manipulation of expression of particular chemosensory receptors.          
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